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Abstract: Fluoride can weaken the protective role of melatonin in reducing cellular damage. A
static magnetic field is a physical factor that can counteract the negative effect of fluoride. Hence,
the main objective of the study was to analyze the transcriptional activity of the genes that are
associated with the activity of melatonin in human skin fibroblasts that have been co-exposed to
fluoride and a moderate-strength static magnetic field. The expression of the melatonin-associated
genes in human fibroblasts that had simultaneously been exposed to F− and a static magnetic field
was determined using an oligonucleotide microarray and RT-qPCR techniques. The concentration
of oxidative damage markers was also measured. In NaF and static magnetic field-treated cells,
there was a tendency to compensate for the expression of the differentiating genes (IL27RA, NR1D1,
RRP7A, YIPF1, HIST1H2BD) that had been modified by the presence of fluoride. It has been also
shown that the oxidative damage marker concentration was statistically lower in the cells that had
simultaneously been exposed to fluoride and a static magnetic field compared to the F-treated cells.
In conclusion, the protective role of a moderate-strength static magnetic field on human dermal
fibroblasts that had been exposed to fluoride was demonstrated, and its mechanism of action is
associated with the melatonin-dependent pathways.

Keywords: static magnetic field; fluoride; skin fibroblasts; transcriptional activity of genes; melatonin;
oxidative damage

1. Introduction

Fluoride easily penetrates cell membranes due to their properties and thus affects
cell functioning. Among the toxic results of fluoride action at the cellular level, oxidative
stress induction, organelle damage, apoptosis, essential protein inhibition, and changes in
enzyme activity can be mentioned [1–3]. As has been shown in previous reports, fluoride
also affects melatonin production, which can have various consequences for human health.
Melatonin is a pineal hormone that has a strong antioxidant and immunomodulatory effect.
It acts in cells through different signaling pathways by binding to the appropriate receptors,
which are located in the central nervous system and also in the immune system, skin, and
organs, such as the kidneys, liver and gastrointestinal tract [4]. It has been implied that
the cutaneous melatoninergic system protect skin cells against various stress conditions,
mainly by scavenging free radicals and stimulating the antioxidant defense system [5].
The protective role of melatonin also results from its neuroprotective and anti-apoptotic
effect, modulation of autophagy, and permeability transition pore [6]. The pleiotropic
effect of melatonin comes from the possibility of its synthesis by other cells [7] and its
receptor-independent action as well [8].
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Due to the inhibition of melatonin production by fluoride, these ions weaken its
protective role in reducing cellular damage [9]. However, it is not tested how fluoride
influence the gene expression involved in melatonin-dependent signaling pathways. On
the other hand, it should be emphasized that fluoride is an element that influences the
proper development of bones and teeth. The nutritional requirements for its consumption
have been established at the level of adequate intake (AI) and the AI for women is 3 mg/day
and for men, it is 4 mg/day of fluoride for the Polish population [10]. However, the effects
of fluoride in the body are also influenced by systemic, metabolic and genetic factors [11].
Therefore, factors that can reduce or weaken its toxic effect on cells are being sought [12].

Recently, more and more attention has been paid to the possibility of using a static
magnetic field (SMF) in medicine. The static magnetic field that is created by permanent
magnets has found applications in the treatment of arthritis, insomnia, musculoskeletal
injuries, pain, or wound healing [13,14]. On the other hand, many of the in vitro and
in vivo studies that have been conducted to date have not produced uniform results on
the biological and health effects of the impact of a static magnetic field [15]. However, it
has been shown that the mechanism of its action at the cellular level is associated with a
reduction in the oxidative stress and the inhibition of apoptosis [16,17]. Furthermore, it
has also been suggested that a physical factor such as a static magnetic field may influence
melatonin biosynthesis [18]. Since the beneficial action of a static magnetic field on cells
has already been proven, there has been increased interest in it as a physical factor that
might counteract the negative effect of fluoride on cells.

Therefore, in order to understand the molecular mechanism of a static magnetic field
and fluoride interactions, the main objective of the study was to analyze the expression of
the genes that are associated with the activity of melatonin in human fibroblasts that had
been co-exposed to fluoride and a moderate-strength static magnetic field.

2. Materials and Methods

In this study, fibroblasts of the NHDF line (normal human dermal fibroblasts, Clonetics,
CC-2511, San Diego, CA, USA) that had been cultured in the presence of fluoride and
simultaneously exposed to a static magnetic field were used.

2.1. Cell Culture Conditions

The skin fibroblasts were cultured in a FBM medium (Fibroblast Basal Medium,
Lonza, Basel, Switzerland) with human fibroblast growth factor-basic (hFGF-B), insulin,
and gentamicin (FGM™ SingleQuots™; Lonza, Basel, Switzerland), as was previously
reported [16].

For the experiment, the fibroblast cultures were conducted in the presence of fluoride
(0.3 mmol/L) and simultaneously exposed to a static magnetic field with a moderate
magnetic induction (0.65 T) for 24 h. The static magnetic field was generated by permanent
magnets in special magnetic chambers that are intended for in vitro research [19,20]. The
control cultures were carried out without fluoride and in chambers with a magnetic
induction of 0.0 T. The concentration of fluoride and the value of the magnetic induction
were selected based on previous studies that showed that these agents had no cytotoxic
effect on cells [16,21,22]. Moreover, the concentration of F− was selected so that the
precipitation of sparingly soluble calcium and magnesium fluorides did not occur. Then, the
effect of the action was related only to the presence of fluoride at unchanged concentrations
of the calcium and magnesium ions. Then, after a 24 h incubation in the presence of
chemical and physical agents, cells and cell culture supernates were harvested for further
study steps.

2.2. Molecular Analyses

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used in RNA extraction from
harvested cells according to the manufacturer’s protocol. The quantity and quality of the
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extracts were checked spectrophotometrically and electrophoretically as was previously
described [16].

The transcriptional activity of the melatonin-associated genes in the cells that had
simultaneously been exposed to F− and a static magnetic field and in the control cells was
determined using the oligonucleotide microarray technique (HG-U133A 2.0, Affymetrix,
Santa Clara, CA, USA) according to the manufacturer’s instructions and as was previously
reported [16].

The RT-qPCR technique was used to validate the results that were obtained at the
transcriptome level. The gene expression of IL27RA (interleukin 27 receptor subunit
alpha), NR1D1 (nuclear receptor subfamily 1 group D member 1) and ACTB (β-actin) were
evaluated using SYBR Green I chemistry (GoTaq® One-Step RT-qPCR System, Promega,
WI, USA) and a LightCycler® 480 Instrument II (Roche Life Science, Basel, Switzerland).
All the samples were run in triplicate. β-actin was included as an endogenous positive
control of the amplification. The oligonucleotide primers were commercially available
(Sigma-Aldrich, St. Louis, MO, USA). The thermal profile for the one-step RT-PCR was as
follows: reverse transcription at 40 ◦C for 15 min, denaturation at 95 ◦C for 10 min, and
40 cycles consisting of the following temperatures and time intervals: 95 ◦C for 10 s, 60 ◦C
for 30 s, and 72 ◦C for 30 s. After the RT-qPCR melting curve analysis was performed to
confirm the specificity of the amplification and the absence of primer dimers.

The relative mRNA expression of the tested genes was determined using the 2−(∆Ct)

method [23] with β-actin as a reference gene.

2.3. ELISA Assay

A DNA/RNA Oxidative Damage (High Sensitivity) ELISA Kit (Cayman Chemical,
Ann Arbor, MI, USA) was used to measure the major oxidative damage markers such as
three oxidized guanine species: 8-hydroxy-2′-deoxyguanosine, 8-hydroxyguanosine, and
8-hydroxyguanine in the cell culture medium according to the manufacturer’s instructions.
The absorbance at a wavelength of 405 nm was read on a Wallac 1420 VICTOR microplate
reader (PerkinElmer, Waltham, MA, USA). All the samples were tested in duplicate.

2.4. Statistical Analyses

Microarray data analysis was performed using the GeneSpring 13.0 platform (Agilent
Technologies UK Ltd., South Queensferry, UK) and the PL-Grid infrastructure (http://
www.plgrid.pl/ (accessed on 19 March 2021)). The melatonin-associated genes (103 ID
mRNA) were selected from the NetAffx Analysis Center database of Affymetrix (http://
www.affymetrix.com/analysis/index.affx (accessed on 23 September 2020)). A gene was
considered as differentiating if it had the FC parameter (fold change, multiple of the
fluorescence signal difference between two study groups) >1.1 and p-value < 0.05. In the
microarray analysis, using such a combination of two parameters (fold change and p-value)
enables more biologically meaningful sets of the genes to be found than when only one of
them is used [24].

The statistical analyses of the RT-qPCR and ELISA results were performed using
Statistica 13.3 software (StatSoft, Tulsa, OK, USA) and the level of significance was set at
p < 0.05.

In the statistical analyses, the one-way ANOVA and Tukey post hoc tests were used
due to the normal distribution of the data.

The biological significance of differentiating genes was confirmed by an analysis
using the overrepresentation test in which a binomial test was used in the PANTHER
Classification System (version 16.0). The overrepresentation test compares a selected genes
to a reference gene list and thus determines whether a tested category (biological process)
is overrepresented [25].

http://www.plgrid.pl/
http://www.plgrid.pl/
http://www.affymetrix.com/analysis/index.affx
http://www.affymetrix.com/analysis/index.affx
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3. Results

In order to clarify the molecular mechanism of the interaction of fluoride with a static
magnetic field, four study groups were distinguished: control cells (C), F−-treated cells
(F), SMF-treated cells (SMF) and cells that had simultaneously been exposed to a static
magnetic field and F− (SMF + F).

3.1. The Effect of Fluoride and the Static Magnetic Field Action on the Expression of the
Melatonin-Associated Genes

The exposure of fibroblasts to the fluoride resulted in a statistically significant change
in the expression of one transcript, which had been up-regulated (Tukey post hoc test,
p < 0.05, FC > 1.1). In turn, as a result of the action of a static magnetic field alone on the
cells, the expression level of five transcripts was statistically significantly higher (Tukey post
hoc test, p < 0.05, FC > 1.1). For the skin fibroblasts that had simultaneously been exposed
to fluoride and a static magnetic field compared to the F−-treated cells, one transcript was
differentiated, which had been down-regulated (Tukey post hoc test, p < 0.05, FC > 1.1)
(Table 1).

Table 1. List of differentially expressed genes determined by the oligonucleotide microarray technique.

ID mRNA Gene Symbol Gene Name
F vs. C SMF vs. C SMF + F vs. F

FC

205926_at IL27RA interleukin 27 receptor subunit alpha 1.13↑ * 1.22↑ * 1.01↓
204760_s_at NR1D1 nuclear receptor subfamily 1 group D member 1 1.08↓ 1.23↑ * 1.14↑
202937_x_at RRP7A ribosomal RNA processing 7 homolog A 1.05↑ 1.19↑ * 1.04↓
33307_at RRP7A ribosomal RNA processing 7 homolog A 1.02↑ 1.11↑ * 1.03↓
214733_s_at YIPF1 yip1 domain family member 1 1.05↑ 1.11↑ * 1.02↓

222067_x_at HIST1H2BD histone H2B type 1-D 1.03↑ 1.03↑ 1.14↓ #

C—control cells, F—F−-treated cells; SMF—cells that had been exposed to a static magnetic field; SMF + F—cells that had simultaneously
been exposed to a static magnetic field and F−; FC—fold change; ↑, ↓—up- or down-regulation of gene; statistical significance: * p < 0.05 vs.
C; # p < 0.05 vs. F.

In the next stage, the differentially expressed genes that had been characterized by
the greatest change in the FC value (FC ≥ 1.2) were selected to validate the results using
the RT-qPCR technique (IL27RA, NR1D1). The RT-qPCR analysis mostly confirmed the
direction of the changes in the expression of the IL27RA and NR1D1 genes as a result of
the exposure of a cell to a static magnetic field and fluoride (Table 2). In the cells that had
simultaneously been exposed to fluoride and a static magnetic field, there was a tendency to
compensate for the expression of the differentiating genes that was altered by the presence
of fluoride (Figures 1 and 2).

Table 2. Validation of the microarray data using RT-qPCR.

Gene Symbol Gene Name
F vs. C SMF vs. C SMF + F vs. F

FC

IL27RA interleukin 27 receptor subunit alpha 1.51↑ 1.05↑ 1.91↓
NR1D1 nuclear receptor subfamily 1 group D member 1 1.84↓ 1.16↓ 1.05↑

C—control cells, F—F−-treated cells; SMF—cells that had been exposed to a static magnetic field; SMF + F—cells that had simultaneously
been exposed to a static magnetic field and F−; FC—fold change; ↑, ↓—up- or down-regulation of gene.
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Figure 2. Expression of the NR1D1 gene in the control cells (C), F−-treated cells (F), cells that had been exposed to a static
magnetic field (SMF), and cells that had simultaneously been exposed to a static magnetic field and F− (SMF + F) that was
determined using the oligonucleotide microarray technique (A) and the RT-qPCR technique (B). The results are presented
as the mean ± SE (box) and SD (whisker).

Additionally, the biological importance of the differentiating genes was confirmed by
performing an analysis in the PANTHER classification system. This analysis revealed that
the proteins that were encoded by the differentiating genes were involved in 58 biological
processes (PANTHER overrepresentation test, p < 0.05), which were mainly associated
with the response of the cells to various stimuli and the regulation of different cellular
processes. When the p-value was expressed as p < 0.01, 22 biological processes were
identified (Table 3). This means that these biological processes of differentially expressed
genes are overrepresented which confirms that the mechanism of action of static magnetic
field at the molecular level is related to genes associated with melatonin activity that play a
protective role for cells.
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Table 3. The biological processes in which the differentially expressed genes are involved (PANTHER
overrepresentation test, p < 0.01).

Biological Processes p-Value

cellular response to a chemical stimulus (GO:0070887) 0.0047

cellular response to an organic substance (GO:0071310) 0.0030

hormone-mediated signaling pathway (GO:0009755) 0.0079

leukocyte cell–cell adhesion (GO:0007159) 0.0076

leukocyte proliferation (GO:0070661) 0.0089

lymphocyte proliferation (GO:0046651) 0.0089

mononuclear cell proliferation (GO:0032943) 0.0089

positive regulation of cell adhesion (GO:0045785) 0.0064

positive regulation of cell–cell adhesion (GO:0022409) 0.0047

positive regulation of leukocyte cell–cell adhesion (GO:1903039) 0.0041

positive regulation of T cell activation (GO:0050870) 0.0041

positive regulation of T cell proliferation (GO:0042102) 0.0023

regulation of cell–cell adhesion (GO:0022407) 0.0085

regulation of leukocyte cell–cell adhesion (GO:1903037) 0.0068

regulation of leukocyte proliferation (GO:0070663) 0.0056

regulation of lymphocyte proliferation (GO:0050670) 0.0056

regulation of mononuclear cell proliferation (GO:0032944) 0.0056

regulation of T cell activation (GO:0050863) 0.0072

regulation of T cell proliferation (GO:0042129) 0.0045

response to a chemical (GO:0042221) 0.0091

response to an organic substance (GO:0010033) 0.0041

T cell proliferation (GO:0042098) 0.0045

3.2. Effect of Fluoride and the Static Magnetic Field Action on the Concentration of the Oxidative
Damage Markers

Because fluoride participates in the free radical processes that lead to the induction of
oxidative stress, in the next stage, the way in which the exposure of the cells that had been
cultured in the presence of fluoride to a static magnetic field influences the concentration
of oxidative damage markers was investigated.

The 8-hydroxy-2′-deoxyguanosine (8-OH-dG) concentration was higher by approx-
imately two-fold in the F group compared with the control group (Tukey post hoc test,
p < 0.001). In the cells that had simultaneously been exposed to fluoride and a static
magnetic field and in fibroblasts that had been exposed to a static magnetic field alone
compared to the F−-treated cells, the mean 8-OH-dG concentration was statistically lower
by approximately 21.5% and 33.1%, respectively (Tukey post hoc test, p < 0.038, p < 0.002,
respectively). Moreover, there was no statistical difference between the SMF-exposed cells
and the control group (Figure 3).
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been exposed to a static magnetic field and F− (SMF + F). The results are presented as the mean ± SD;
statistical significance: * p < 0.05 vs. C; # p < 0.05 vs. F.

4. Discussion

The action of fluoride is associated with the generation of free radicals and the in-
duction of oxidative stress in cells. The biological effects of a static magnetic field are not
fully understood, but more and more attention is being paid to its possible therapeutic
activity. Earlier studies proved its protective role for normal cells that had been exposed
to the factors that disrupt the redox balance against the induction of oxidative stress and
apoptosis [16,17]. However, the aspects of the static magnetic field action at the molecular
level are still not fully known. Since melatonin can attenuate the action of free radicals and
regulate the enzymatic antioxidant system, in this study, we focused on the genes that are
associated with its activity in cells that had simultaneously been exposed to fluoride and
a moderate-strength static magnetic field. It was shown that both chemical and physical
factors influence the expression of these genes, while the change in expression induced
by fluoride is counteracted by a static magnetic field. The level of the expression of the
selected genes whose expression was changed by fluoride under the influence of a static
magnetic field is compensated for.

This study focused on the changes in cells that are caused by fluoride and a static
magnetic field primarily at the transcriptional level. The action of melatonin in cells is
associated with its immunomodulatory properties not only by affecting the cells of the
immune system, but also by regulating the synthesis of the cytokines [26]. Interleukin 27 is
a heterodimeric pleiotropic cytokine with pro- and anti-inflammatory properties, which
are mediated by the IL27 receptor, which is composed of two subunits: an alpha subunit
and glycoprotein 130. Its opposite effect depends, among others, on the type of cells. As
was shown, the alpha subunit of IL27RA is necessary for the transcriptional activation of
STAT1 and STAT3 (a signal transducer and an activator of transcription) and its expression
can promote various types of tumor growth [27,28]. The possibility of IL27 action on
non-hematopoietic cells such as fibroblasts or keratinocytes should also be considered. In
some diseases, an increased expression of IL27RA in fibroblasts has been demonstrated [27].
Moreover, in our experiment, an increase in the expression of the receptor alpha subunit
was observed under the influence of fluoride, which activates the expression of the inflam-
matory cytokines [29]. However, a static magnetic field can regulate cytokine disturbances,
as is suggested by the obtained results. In turn, the NR1D1 gene encodes the protein that
play the role of a transcriptional repressor, which coordinates the circadian rhythm and
the metabolic pathways of lipids, glucose and proteins. Modifications in its expression
are often seen during the development of various diseases [30]. Hence, equalizing the
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expression by a static magnetic field is beneficial and will result in the restoration of its
correct function. Another very important gene that is modified by both fluoride and a
static magnetic field is HIST1H2BD, which encodes the histone H2B type 1-D. Histones are
responsible for nucleosome structure and play a key role in modulating the transcription
process, whereas the histones that are present in the cytoplasm or extracellularly may
contribute to promoting the inflammatory response of cells [31,32].

PANTHER analysis of target genes was performed to better understand the function
of differentially expressed genes associated with melatonin pathways and explain the
mechanism of protective role of static magnetic field on fluoride-treated cells. This analysis
confirmed the participation of the differentially expressed genes primarily in the biological
processes that are associated with the cellular response to various factors and the regulation
of cellular processes, mainly in the cells of the immune system, which ensures a body’s
defense against a variety of factors, such as toxic substances, viruses, and bacteria. These
categories of target genes were overrepresented in fluoride and static magnetic field-treated
cells. This indicates a protective function for the cells of the proteins that are encoded by the
differentially expressed genes, which is essential from the point of view of the mechanism
of action of a static magnetic field. Moreover, conducting this analysis eliminated the
problem of the genes whose differences in their expression and statistical significance did
not translate into the influence of a specific gene on the cells.

As a screening technique, oligonucleotide microarrays enable genome-scale expression
analysis. Therefore, the genes with the greatest change in expression, which is expressed as
a fold change were selected for the next steps in order to validate the obtained microarray
results. The RT-qPCR technique showed that the direction of changes in the expression of
the studied genes was in accordance with the microarray results. We did not statistically
confirm the up-regulation of the NR1D1 gene in the cells that had only been exposed to a
static magnetic field compared to the control, but the tendency to increase its expression
under the influence of an exposure to a static magnetic field was also visible in RT-qPCR
results. The lack of a confirmation of the changes in its expression may be due to the
separation between the location of the PCR primers and the microarray probes [33]. How-
ever, it should be noted that the research showed a high correlation between these two
techniques [34].

In order to confirm the protective role of a static magnetic field for fibroblasts, we
determined the concentration of the DNA/RNA oxidative damage markers. It is considered
that 8-OH-dG is a biomarker for oxidative damage to the nucleic acids. Higher levels of
8-OH-dG are observed in various diseases whose pathogenesis is played by oxidative
stress, for example, in cancers, diabetes or neurodegenerative diseases. At the same time, it
was shown earlier that many antioxidant compounds can reduce the 8-OH-dG level [35].
In our study, it was revealed that a moderate-strength static magnetic field has a beneficial
effect on cells by lowering the concentration of the DNA/RNA oxidative damage markers
in fluoride-treated cells.

In the cells that had simultaneously been exposed to fluoride and a static magnetic
field, there was a tendency to compensate for expression of the differentially expressed
genes that was altered by the presence of fluoride, which suggests a protective role of a
static magnetic field against the factors that cause changes in the cell signaling cascades.
However, it should be taken into account that the limitation of this study is the selection of
the fluoride concentration, which is not observed in vivo in non-fluoridated areas.

5. Conclusions

In conclusion, the protective role of a moderate-strength static magnetic field on
normal human dermal fibroblasts that had been exposed to fluoride was demonstrated,
and its mechanism of action is associated with the melatonin-dependent pathways.
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