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Fluorine is an essential trace element, and excessive or insufficient intake can lead to damage. Currently, fluorosis has been studied more in the bone phase,

but less in the non-bone phase of fluorosis. The pathogenesis of fluorosis is complex and unclear. Signaling pathways have been a popular area of exploration

in disease pathogenesis, Signaling pathways play an important and irreplaceable role in the pathogenesis of fluorosis in recent years as well. In this paper, we
summarize the relevant signaling pathways to provide a basis for the pathogenesis of fluorosis-induced non-osteopathic systems and hope to obtain effective

preventive and therapeutic measures.

Fluorosis is a chronic systemic disease, which is caused by the
accumulation of fluorine in the human body through excessive
intake of fluorine in drinking water, food and air, resulting in
the damage of certain organs and systems. Fluorosis is found
in more than 20 countries around the world, and hundreds of
millions of people are at risk of fluorosis [1]. In China, endemic
fluorosis is found in 29 provinces, which brings great problems
to people [2]. Chronic fluorosis was found to cause neurological
damage and some degree of memory impairment in a clinical trial
[3]. Fluorosis is not only manifested at the macroscopic level of
human organs, butalso at the microscopiclevel with new findings.
Some scholars have randomized fluorine-exposed workers of an
aluminum company’s occupational health checkup in the south
of the Yangtze River through the whole group random sampling
method, and found that patients with fluorine bone damage
have abnormal cardiac function and DNA damage of peripheral
lymphocytes [4]. Fluorosis is not only manifested in bone-phase
damages, such as fluorosis and dental fluorosis [5], but also in
non-bone-phase systems, such as kidney, liver, and nervous
system [6-8]. Excessive fluoride exposure in the human body
will cause the corresponding factors in the body to react with
external compounds, and the corresponding signaling pathways
will be activated to participate in the pathogenesis of fluorosis.
Signaling pathway is an important and complex mechanism in
the pathogenesis of fluorosis, which usually consists of multiple
signaling pathways forming a complex network of multi-layer
cross-regulation to regulate cell differentiation and apoptosis as

well as alteration of cellular activity and function, thus showing
different degrees of non-osteopathic damage. Therefore, it
is important to recognize the mechanism of non-osteopathic
damage in fluorosis, which can help to provide a strategy and
basis for the prevention and treatment of fluorosis.

Expression of signaling pathways in the non-bone
phase of fluorosis

MAPK signaling pathway: MAPK is a group of serine-
threonine kinases that can be activated by stimulation of factors
external to the cell. It is a series of phosphorylation steps
from MAPKKK (MKK) to MAPKK (MAPK) and back to MAPK,
phosphorylating the related transcription factors, and is mainly
involved in signaling from the surface of the cell membrane to
the nucleus [9]. There are three key members in MAPK, namely,
the extracellular signal-regulated protein kinase (ERK1/2), c-jun
amino-terminal kinase (JNKS) and p38, experiments have shown
that the MAPK signaling pathway is involved in the mechanism
of fluorosis-induced non-bone phase injury. In rats suffering
from chronic fluorosis, researchers found learning and memory
deficits as well as many neuropathological changes in the brain,
including cytoplasmic condensation, eosinophilia, and increased
expression of extracellular regulated protein kinases (ERK1/2),
members of the MAPK signaling pathway [10,11]. A cellular assay
showed that in the presence of fluoride and MAPK inhibitors,
mineralization levels were reduced in LS8 cells, with a more
pronounceddecreasein p38,whichmayberelated totheinhibition
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of JNK and p38 phosphorylation [12]. In addition, oxidative stress
is considered to be an important mechanism in the pathogenesis
of fluorosis [13]. p38 is present in most animal cells, and it
serves as an important signaling pathway that can participate
in the oxidative stress response, modulate inflammatory factors,
and is present in a wide range of physiopathologies [14], and
activation of p38 phosphorylates relevant transcription factors,
which in turn leads to alterations in gene expression [15]. In an
animal experiment exploring the molecular mechanisms of brain
damage induced by chronic fluorosis, it was found that chronic
exposure to high doses of fluoride induced neurotoxicity in the
rat brain through alterations in oxidative stress [16]. Another
experimental study demonstrated that excessive fluoride
exposure resulted in a significant increase in oxidative stress
indicators such as malondialdehyde (MDA) in rats [17]. From
this, it can be inferred that p38 may be involved in the expression
of oxidative stress through the MAPK pathway in fluoride-
intoxicated non-bone phase organs.

NF-xB signaling pathway: Nuclear factor kappa B (NF-
kB) is a group of proteins responsible for regulating cytokine
production and survival and participating in the expression
of target genes [18], as well as the expression of inflammatory
factors in inflammatory responses [19].NF-kB, as a multisubunit
transcription factor, consists of dimers of five members of the
Rel family, including mainly p65 and p50 [20].NF-xB signaling
pathway activation is generally categorized into classical and
non-classical pathways. The classical pathway refers to the
inactivation of subunit dimers in the NF-kB signaling pathway
through the inactivation of the NF-kB signaling pathway
inhibitory protein (IkB), which is phosphorylated by inhibitory
enzymes and then releases these dimers in the nucleus, thereby
regulating the release of inflammatory factors; the non-classical
pathway refers to the release of inflammatory factors that have
a certain role in facilitating the activation of the NF-kB signaling
pathway [21]. The activation of the NF-kB signaling pathway
is inextricably linked to the non-bone phase pathogenesis of
fluorosis. In the process of exploring the mechanism of brain
injury in chronic fluorosis, the experimental correlates found
that the expression of receptor for advanced glycosylation end
products (RAGE) and nuclear factor-kB (NF-kB) in the brain of rat
hippocampus was significantly increased after the establishment
of a rat model of chronic fluorosis and administration of a small
dose of fluoride [22]. Another animal experiment exploring
the neurological effects of fluoride found that fluoride induced
S-phase cell cycle arrest and up-regulated NF-kB protein in
rat primary hippocampal neurons [23,24]. Observation of the
effects of chronic fluoride poisoning on the rat kidney revealed
that NF-kB expression was upregulated in the fluoride-treated
experimental animals compared with the control group, which in
turn caused some degree of pathological damage to the kidney
[25].

Wnt signaling pathway: Wnt signaling is a combination of
two names for the same gene, the Drosophila segment polarity
gene as well as the mouse proto-oncogene Intl [26].The Wnt
signaling pathway mainly consists of the classical pathway,

which refers to the Wnt/-catenin pathway, and the non-classical
pathway, which refers to the -catenin-dependent pathway, and
can be further divided into the Wnt/ planar cell polarity (PCP)
and calcium pathways [27]. The secreted proteins of the family
include 19 cysteine-rich glycoproteinsi.e. 19 family members.Wnt
signaling is essential for developmental processes, including cell
proliferation and differentiation, and the Wnt signaling pathway
plays an important role in embryogenesis, tissue homeostasis
and regeneration in many organs [28]. Secreted Wnt ligands,
which are highly conserved signaling molecules are involved in
signal reception with gene expression, adhesion and migration
in cells [29]. It has been reported that fluoride can alter oxidative
stress and inflammatory changes in microglia by inhibiting the
Wnt signaling pathway and consequently [30], suggesting that
the Wnt signaling pathway is also involved in fluorosis target
organogenesis. Another in vitro experiment showed that Wnt
protein expression was significantly up-regulated in mouse
enamel cell lineage cells (ALC) infiltrated with sodium fluoride
(NaF), which may promote the activation of Wnt signaling
pathway and thus participate in cell apoptosis and injury [31].
Domestic scholars exploring the renal pathogenesis caused by
chronic fluorosis found that fluorine can stimulate the activation
of the Wnt signaling pathway and induce renal injury [32], the
relationship between fluorine and the Wnt signaling pathway at
home and abroad is less studied, and it is necessary for scholars
to further deepen their understanding of this signaling pathway
under the pathogenesis of fluorosis.

Hedgehog signaling pathway: Hedgehog signaling pathway
(Hh), or hedgehog signaling pathway, which is a pathway of
signaling from cell membrane to cell nucleus, is highly conserved
from Drosophila to human and plays an irreplaceable role in
embryonic development. In vertebrates, three members of the
Hh gene family have been detected: the Sonic hedgehog (SHh),
Indian hedgehog (IHh), and Desert hedgehog (DHh) genes
[33,34], all three of which activate the Hh signaling pathway
by binding to the corresponding receptors [35]. Hh signaling
activation involves three proteins: hedgehog (Hh) ligand,
patching (Ptch), and smoothing (Smo), and Hh is a glycan. Hh is
a glycoprotein that binds to the patch (Ptch) receptor on the cell
membrane and activates the effector Glil to alter the structure
of the receptor [36]. A study has shown that upregulation of Hh
signaling in osteoblasts accelerates bone resorption [37], which is
very similar to the mechanism of bone phase damage in fluorosis,
and some researchers have found that the Hh signaling pathway
also exhibits importance in the pathogenesis of bone phase due
to fluorosis [38]. However, the Hh signaling pathway has also
been reported in the pathogenesis of fluorosis in the non-bone
phase, and an animal study found that significant differences
in the expression of Thh, Smo, and Glil proteins and mRNAs
under the Hh signaling pathway were measured in the liver
tissues of rats after high doses of fluoride were ingested [39]. In
addition, another study showed that in a rat model of fluorosis,
disorganized and swollen hepatocytes were observed in the
fluoride-infected group, and Ihh and Glil protein expression
were significantly upregulated by PCR compared with the control
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group, which led to the conclusion that the Hh signaling pathway
may be a therapeutic target in the pathogenesis of fluorosis [40].

Interaction of signaling pathways in the pathogenesis
of fluorosis

Notonly one signaling pathway playsarole in the pathogenesis
of fluorosis in the non-osteopathic phase, but often multiple
signaling pathways work together to form a complex network
of multi-layer cross-regulation, which transduces stimuli from
signaling molecules in the extracellular environment to the cell
and responds to extracellular signals in response to changes
in the external environment [41]. The crosstalk between the
signaling pathways of Hh and Wnt has been confirmed by studies
[42,43], in addition, they are both involved in the non-bone phase
mechanism of fluorosis, and studies have shown that the Wnt
signaling pathway is downstream of the Hh signaling pathway
[44]. Fluoride has been reported to stimulate the expression of
IHH and Smo proteins as well as Gli2 transcription factors in the
Hh signaling pathway [38]. Generally speaking, ptch receptors
inhibit the expression of Smo proteins when the Hh signaling
pathway is not activated, however, when this signaling pathway
is activated Smo proteins will not be regulated by ptch receptors,
and the accumulation of Smo receptors to a certain amount will
promote the expression of Glis transcription factors, which in
turn will promote the expression of target genes such as anti-
apoptotic genes Bcl-2 and pro-apoptotic genes such as Bax,
Bad, etc. [45 ,46]. When cells are stimulated by external fluoride
activates the Wnt signaling pathway, the extracellular Wnt factor
binds to the membrane receptor frizzled protein (Frizzled),

Fluorine ]
~ —~ _MAPK >
Hbh — Wnt \

/

lipoprotein-related receptor 5/6 (LRP5/6) and further affects
the degradation of (-catenin protein in the classical pathway
[47], B-catenin protein continues to accumulate, and when it
accumulates to a certain degree into the cell nucleus activate the
transcription factor LEF1/TCF-1,and finally act on the expression
of target genes [48,49], in addition, the ERK pathway in the MAPK
signaling pathway activated by Wnt signaling can be developed
on f-catenin protein [50], and the relationship between them is
shown in Figure 1.

Summary and Outlook

Chinaisalarge country with endemic fluorosis. Over the years,
under the strong support of the Party and the State, the incidence
rate of fluorosis patients has decreased a lot in comparison with
the past, and a certain degree of intervention measures have
been carried out mainly from the sources of drinking water, coal
burning and tea drinking. In recent years, the research on the
non-bone phase damage of fluoride mainly focuses on the liver,
kidney, reproductive system, nervous system and cardiovascular
system, etc. Although many scholars have verified or explored
the effects of fluoride on the body through in vivo and in vitro
experiments, no matter from the molecular epidemiological level
of the experiments or the human body field epidemiological to
explore the pathogenesis or mechanism of its action, but from
the point of view of the mechanism research is not very clear.
In this paper, we reviewed the four signaling pathways of NF-
kB, MAPK, Wnt and Hh and their interaction mechanisms in the
non-osteopathic phase of fluorosis, which provides theoretical
guidance for exploring effective targets for the prevention and
treatment of non-osteopathic phase of fluorosis.
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Figure 1 Interactive regulatory network of Wnt, Hh, and MAPK signaling pathways in fluorosis.
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