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Fluoride Induces Neuroinflammation and Alters Wnt Signaling
Pathway in BV2 Microglial Cells

Rui Chen,1,2 Lian-Dong Zhao,2 Hong Liu,3 Hui-Hua Li,1 Chao Ren,3 Peng Zhang,4 Ke-Tai Guo,4

Hong-Xi Zhang,1 De-Qin Geng,1,5 and Cai-Yi Zhang4,5

Abstract—Fluoride is a common element in nature and our daily life, and excessive intake of
this element can cause fluorosis and irreversible brain damage. The toxic effects of fluoride
on the central nervous system may be attributed to the release of inflammatory cytokines and
ROS. GSK3β is a key protein that modulates NF-κB activity and inflammatory cytokine
levels and plays an important role in the Wnt signaling pathway. In this study, we found that
fluoride altered the inflammatory status and oxidative stress by inhibiting Wnt signaling
pathway activity. This study thus provides a valid basis for the fluorine-induced neuroinflam-
mation injury theory.
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INTRODUCTION

Fluoride is a common element in nature and our daily
life that is present in drinking water, soil, and the atmo-
sphere. Recently, some reports have shown that excessive
fluoride intake can cause fluorosis and irreversible brain

damage, with main clinical manifestations in learning and
memory and other cognitive dysfunctions [1, 2]. In ani-
mals, chronic fluorosis decreases the number of nicotinic
acetylcholine receptors (nAChRs), which play an impor-
tant role in cognitive processes in mice [3]. Some studies
have suggested that children living in high-fluoride areas
have lower IQ scores than those living in low-fluoride
areas [4], and extensive evidence has shown that fluoride
can impair cognitive function. However, the mechanism
underlying fluoride-induced cognitive impairment is not
fully understood.

Some groups have reported that fluoride can induce
oxidative stress, characterized by increased intracellular
reactive oxygen species (ROS) levels, in brain tissue [5].
The central nervous system (CNS) is sensitive to ROS,
which play a key role in the pathogenesis of many diseases,
including neuroinflammation [6]. The neuroinflammation
process is meditated by microglia: activated microglia
release pro-inflammatory cytokines and neurotoxic mole-
cules such as IL-1β, IL-6, and TNF-α, which can induce
tissue injury and damage neural cells [6, 7]. In a previous
study, we demonstrated that fluorosis causes cognitive
impairment in a rat model [2]. Several other studies also
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found that neuroinflammation and the release of pro-
inflammatory cytokines are associated with cognitive im-
pairment, such as that in AD [8].

Neuroinflammatory mechanisms are complex and in-
completely understood. Inflammation is characterized by
activation of the pro-inflammatory transcription factor nu-
clear factor-κB (NF-κB) and increased cytokine levels. In
the CNS, NF-κB activity and cytokine levels are regulated
by glycogen synthase kinase-3β (GSK3β), a key protein
that maintains the balance between pro- and anti-
inflammatory function [9] and is a critical protein in the
Wnt signaling pathway [10]. Previous research has dem-
onstrated that the Wnt signaling pathway can regulate
neural stem cell proliferation, differentiation, and migra-
tion, thus affecting learning and memory [11, 12]. TheWnt
signaling pathway can also regulate neuroinflammation to
promote chronic pain. Dickkopf-1 (DKK1) is an antagonist
that blocks the Wnt signaling pathway by binding to low-
density lipoprotein receptor-related protein 5 and 6
(LRP5/6), which is over expressed in patients with cogni-
tive impairment. Some studies have indicated that persis-
tent inflammation can activate various cell stress response
pathways, including DKK1 overexpression [13]. There-
fore, we hypothesized that fluoride promotes neuroinflam-
mation by modulating Wnt signaling, leading to cognitive
impairment.

MATERIALS AND METHODS

Materials

DMEM/H-G was purchased from HyClone (Logan,
UT, USA), and fetal bovine serum (FBS) was purchased
from Gemini Bio-products (Mexico). Sodium fluoride
(NaF) was purchased from Jena Bioscience (Germany).
Lithium chloride (LiCl) was purchased from Sigma-
Aldrich (USA).

Cell Culture

BV2 cells were a gift from Dr. Yuan-jian Song (Neu-
robiology laboratory, Xuzhou Medical University, Xu-
zhou, China). Cells were cultured in DMEM/H-G contain-
ing 10% FBS and antibiotics (100 IU/ml penicillin and
100 mg/ml streptomycin) and maintained at 37 °C and 5%
CO2 in an incubator (Heal Force Development LTD, Hong
Kong). The growth medium was changed every day, and
cells were subcultured when 80–90% confluent.

CCK-8 Cell Viability Assay

Cell viability was detected via the CCK-8 method
(Dojindo, Japan). Cells were seeded into 96-well plates at
a density of 6000 cells/100 μl. As soon as they became
stable (approximately 2 h later), the cells were exposed to
various NaF concentrations (0, 250, 500, 1000, or
2000 μm/L) for 6, 12, or 24 h. After treatment, the cells
were washed twice with phosphate-buffered saline (PBS),
10% CCK-8 was added to the medium, and the plates were
incubated for 30min. Absorption was measured at 450 nm.

Biochemical Analysis

The oxidation–antioxidation status of the NaF-treated
BV2 cells was evaluated via superoxide dismutase (SOD)
activity and lipid peroxidation. Lipid peroxidation was
determined by testing the malondialdehyde (MDA) level.
Briefly, BV2 cells were treated with various concentrations
of NaF (0, 250, 500, 1000, or 2000 μm/L) for 24 h, and the
cell supernatant was transferred to tubes. SOD activity and
MDA levels were determined by following the manufac-
turer’s instructions for their reagent kits (Nanjing
Jiancheng, China).

Measurement of Intracellular ROS Production

A reactive oxygen species assay kit was used to
measure intracellular ROS generation with the fluorescent
marker DCFH-DA. Briefly, BV2 cells were seeded into 6-
well plates and treated with different concentrations of NaF
(0, 250, 500, 1000, or 2000 μm/L) for 2 h. We selected 2 h
as the treatment period because ROS are generated during
the early stages of cell apoptosis [14]. Then, the medium
was removed, and the cells were incubated with DCFH-
DA for 20 min at 37 °C before washing three times with
serum-free medium (SFM). The DCFH-DAwas diluted in
SFM at a ratio of 1:1000 to a final concentration of
10 μmol/L. ROS generation was observed directly with a
fluorescence microscope (Olympus, Japan).

ELISA

BV2 cells were seeded into 24-well plates and treated
with various concentrations of NaF (0, 250, 500, 100,
1000, or 2000 μmol/L) for 24 h. The IL-6 and TNF-α
levels in the culture medium were measured with an
ELISA kit (KeyGen Biotech, Nanjing, China) according
to the manufacturer’s instructions.
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Immunofluorescence Labeling Analysis

BV2 microglial cells were seeded into 48-well
plates and treated with various concentrations of NaF
(0, 250, 500, 1000, or 2000 μmol/L). NF-κB p52
localization (Santa Cruz, USA) was visualized in
BV2 microglial cells pretreated with NaF for 24 h.
First, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.3% Triton X-100, blocked with
10% goat serum for 40 min, and incubated with an
anti-NF-κB p52 antibody (1:250) overnight at 4 °C.
Then, the cells were stained with an anti-rabbit IgG
secondary antibody (1:100, VICMED Life Science,
China) for 2 h at room temperature. Finally, the cells
were counterstained with DAPI (Beyotime Institute of
Biotechnology, Jiangsu, China) for 5 min after being
washed with PBS. Images were captured with a fluo-
rescence microscope (Olympus, Japan).

Western Blot Analysis

BV2 cells exposed to different concentrations of
NaF (0 to 2000 μM) for 24 h were washed twice in
ice-cold PBS and lysed in RIPA lysis buffer for 30 min
on ice. The lysates were centrifuged at 12,000 rpm for
20 min at 4 °C, and the supernatants were collected
and used for evaluation of the relevant protein levels.
The protein concentration in each sample was mea-
sured using a BCA Protein Assay Kit. Western blots
were performed according to standard protocols. Rab-
bit oligoclonal antibodies (anti-p-GSK3β and anti-
GSK3β, 1:1000, Cell Signaling Technology, USA;
anti-β-catenin and anti-DKK1, 1:1000, Abcam, UK;
anti-β-actin, 1:1000, Santa Cruz Biotechnology, USA)
and anti-rabbit IgG secondary antibodies (1:200, Santa
Cruz Biotechnology, USA) were used in this study.

Statistical Analysis

All results are expressed as the mean ± SD. Signifi-
cant differences between different groups were analyzed
by one-way analysis of variance (ANOVA) followed by
Tukey’s test. Statistical significance was set at P < 0.05.

RESULTS

NaF Decreases BV2 Cell Viability

BV2 cell viability was evaluated with a CCK-8 assay.
To exclude the possibility that NaF is directly toxic to
microglia, different concentrations of NaF (ranging from
0 to 2000μm/L) were added to BV2 cells, and cell viability
was evaluated at 6, 12, and 24 h. As shown in Fig. 1a, BV2
cell viability increased in the 250 and 500 μm/L NaF-
treated groups following 6 h of culture and then returned
to the control level at higher NaF concentrations. As shown
in Fig. 1b, c, NaF showed no cytotoxicity on BV2 cells at
low concentrations after 12 or 24 h of incubation. Howev-
er, cell viability decreased significantly after treatment with
high NaF concentrations. Thus, 2000 μmol/L NaF signif-
icantly reduced BV2 cell viability relative to the control
group (P < 0.001).

The Effect of NaF onMDALevels, T-SODActivity, and
Intracellular ROS Production

MDA is a common indicator of lipid peroxidation
in the cell membrane. The MDA level reflects the
degree of lipid peroxidation and indirectly reflects the
degree of cell damage. SOD is a vital enzyme that
maintains the balance between oxidation and antioxi-
dation and protects cells from damage by removing
superoxide anion-free radicals. ROS, including oxygen

Fig. 1. NaF decreases BV2 cell viability. a, b, and cThe effect of different concentrations of NaF on BV2 cells incubated for 6, 12, or 24 h. Data are presented
as the mean ± SD (n = 5) of three independent experiments.
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ions, peroxide, and oxygen-free radicals, are a by-
product of aerobic metabolism. High ROS levels can
damage cells and DNA. MDA levels and T-SOD ac-
tivity were measured with relevant assay kits, and
intracellular ROS production was measured with an
ROS assay kit. As shown in Fig. 2a, b, the MDA level
increased in the NaF group, although there were no
significant differences between the NaF group and the
control group. SOD activity was significantly lower in
the 2000 μmol/L NaF group than the control group
(P < 0.001). As shown in Fig. 2c, the DCFH-DA
fluorescence intensity gradually increased as the NaF
concentration increased, indicating that intracellular
ROS levels increased gradually relative to the control
group.

NaF Stimulates the Production of IL-6 and TNF-α in
BV2 Cells

Activated microglia secrete pro-inflammatory cyto-
kines such as IL-6 and TNF-α. These cytokines are con-
sidered inflammation biomarkers and were measured by
ELISA. As shown in Fig. 3a, the IL-6 concentration was
significantly higher in the 1000 and 2000 μmol/L NaF
groups than in the control group after 24 h (P < 0.001).
As shown in Fig. 3b, only 2000 μmol/L NaF induced a
significant increase in TNF-α levels (P < 0.05).

NaF Induces NF-κB Activation in BV2 Cells

NF-κB plays a crucial role in the neuroinflammatory
response and promotes the production of pro-inflammatory
mediators such as iNOS, IL-1β, TNF-α, and IL-6. NF-κB
activity is attributed to the Rel/NF-κB protein family, the
members of which form homodimers and heterodimers
consisting of the p65 (or RelA), p50, p52, c-Rel, and RelB
subunits. IL-1β, TNF-α, and ROS can induce NF-κB by
activating IκB kinases, which phosphorylate IκBα, leading
to its polyubiquitination and degradation by the 26S protea-
some [15]. This allows NF-κB to translocate to the nucleus
and modulate the transcription of its target genes. Immuno-
fluorescence labeling was used to determine the effect of NaF
on NF-κB activity. As shown in Fig. 4, NF-κB p52
translocated into the nucleus of microglial cells after NaF
exposure, possibly causing the increase in IL-6 and TNF-α
levels.

The Effect of NaF on the Expression of DKK1 andWnt
Signaling Pathway Components in BV2 Cells

To determine whether NaF-induced neuroinflamma-
tion changed the levels of proteins in the canonical Wnt
signaling pathway, western blots were used to measure the
DKK1, p-GSK3β, GSK3β, and β-catenin levels. As
shown in Fig. 5a, NaF increased DKK1 expression and

Fig. 2. The effect of NaF on MDA levels, SOD activity, and intracellular ROS production. a The MDA level in BV2 cells increased in the NaF group,
although there was no significant difference between the NaF group and the control group. b SOD activity was significantly lower in the 2000 μmol/L NaF
group than the control group (P < 0.001). The data are presented as the mean ± SD (n = 3) of three independent experiments.
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the p-GSK3β/GSK3β ratio. β-Catenin expression clearly
decreased as the NaF concentration increased, indicating
that NaF inhibited the canonical Wnt signaling pathway in

BV2 cells by increasing the DKK1 level and suggesting
that this pathway might be involved in NaF-induced neu-
roinflammation. To further understand the possible role of

Fig. 3. NaF stimulates the production of IL-6 and TNF-α in BV2 cells. a and b The IL-6 and TNF-α levels after treatment with different concentrations of
NaF for 24 h. Data are presented as the mean ± SD (n = 3) of three independent experiments. *P < 0.05, ***P < 0.001 vs. control.

Fig. 4. NaF induces NF-κB activation in BV2 cells. BV2 microglial cells were incubated with NaF (0, 250, 500, 1000, or 2000 μM) for 24 h, which were
stained with an anti-NF-κB antibody (red) and then counterstained with DAPI (blue) (400×).
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the Wnt signaling pathway in fluoride-induced neuroin-
flammation, BV2 cells were treated with 2000μmol/L NaF
in the presence or absence of the Wnt inhibitor LiCl
(20 nM). As shown in Fig. 5b, c, the GSK3β inhibitor
LiCl reduced the GSK3β activity and increased β-catenin
expression. LiCl alsomarkedly reduced the TNF-α and IL-
6 levels in the cell culture medium. This suggests that
fluoride inhibits the Wnt signaling pathway, which is in-
volved in NaF-induced neuroinflammationin BV2 cells.

DISCUSSION

Fluorosis is very common in developing countries.
According to the literature, higher fluoride intake may
result in dental and skeletal fluorosis as well as learning
and memory impairment [1, 2, 16]. A previous report
suggested that almost all elementary and junior high school
students 10–15 years of age suffered dental fluorosis
(99.5%), and the prevalence of skeletal fluorosis was
42.1% in the fluorosis area of China [17]. Choi et al.
performed a meta-analysis and found that children in
high-fluoride areas had significantly low IQ scores than
these who lived in low-fluoride areas. This result supports
the possibility of an adverse effect of high-fluoride expo-
sure on children’s neurodevelopment [18]. In another

project of our team, cognitive function of elder people
was investigated in the high-fluoride area. The results
indicated that the cognitive impairment is more serious in
high-fluoride areas than in low-fluoride areas (the data
unpublished). These studies demonstrated that the high-
fluoride drinking water is a risk factor to our health.

Fluoride exposure increases IL-1β and TNF-α pro-
duction and changes the cellular oxidation and antioxida-
tion status [5, 19]. Neuroinflammation seems to be an
important mediator of the effects of fluoride. Neuroinflam-
mation, which is mediated by microglia, contributes to
most pathological neurologic processes, including CNS
infections, ischemic stroke, neurodegenerative disease,
and anesthetic neurotoxicity. Increased pro-inflammatory
mediator production is thought to cause neuronal cell
death. As previously mentioned, inflammation is charac-
terized by activation of the pro-inflammatory transcription
factor NF-κB, a process mediated by GSK3β, a critical
protein in the Wnt signaling pathway [9]. Therefore, we
conducted the present study to investigate the changes in
the Wnt signaling pathway in BV2 cells exposed to NaF.

Microglia are the resident macrophages in the brain
and play critical roles in the development and maintenance
of the neural environment [20]. To exclude the possibility
that NaF directly affects microglial viability and prolifera-
tion, we examined the effects of different NaF

Fig. 5. The effect of NaF on the expression of DKK1 and Wnt signaling pathway components in BV2 cells. a and b Representative western blots showing
DKK1, p-GSK3β, GSK3β and β-catenin. (C) TNF-α and IL-6 levels in the different groups.
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concentrations on BV2 viability at different time points. As
shown in Fig. 1, BV2 cell viability increased after treat-
ment with lower concentrations of NaF for 6 h. This
increase in cell viability was likely caused by a stress
response to NaF. However, cell viability decreased signif-
icantly when the NaF concentration increased, indicating
that high NaF concentrations are toxic to cells.

Microglia can be activated in response to perturbations
in the brain microenvironment or changes in neuronal struc-
ture. Activated microglia cells break the balance between
oxidation and antioxidation. MDA levels reflect the degree
of lipid peroxidation and indirectly reflect the degree of cell
damage. SOD, an antioxidant, can defend against ROS
activity and reduce theMDA level. ROS can cause oxidative
damage to cells and DNA structure [2]. As shown in Fig. 2,
the MDA levels increased in the NaF groups. SOD activity
decreased significantly at higher NaF concentrations. The
intracellular ROS levels increased as the NaF concentration
increased. Activated microglia also produce various inflam-
matory mediators, including IL-6 and TNF-α, which are the
two main pro-inflammatory cytokines produced by these
cells. As shown in Fig. 3, higher NaF concentrations stimu-
lated IL-6 and TNF-α production in BV2 cells. This result
could indicate that NaF-induced oxidative stress and inflam-
mation play an important role in fluorosis.

Previous studies have shown that the Wnt signaling
pathway can affect cognitive function by regulating the
proliferation, differentiation, and migration of neural stem
cells. This pathway includes several members of the Frizzled
protein family and LRP5/6, the activation of which leads to
the downregulation of glycogen synthase kinase-3β
(GSK3β) activity. GSK3β inactivity increases the β-
catenin level in the cytosol; β-catenin then translocates into
the nucleus. β-Catenin and T cell factor/lymphoid enhancer
factor (TCF/LEF) form complexes that modulate the tran-
scription of target genes involved in apoptosis, proliferation,
migration, differentiation, and metabolism [21].GSK3β is an
important protein in the Wnt signaling pathway. In addition
to its role in the Wnt pathway, increased GSK3β activity
could be related to the presence of neuroinflammation.
GSK3β has been linked to the modulation of several tran-
scription factors, including NF-κB activation and β-catenin
inhibition [22]. Some studies have indicated a possible
crosstalk between the NF-κB signaling pathway and the
Wnt/β-catenin pathway. It is well known that both pathways
play complex roles in the pathogenesis of certain age-related
diseases; for example, while both β-catenin and NF-κB
activate iNOS expression, β-catenin also has an inhibitory
effect on NF-κB-mediated transcriptional activation, includ-
ing for iNOS [23]. It is unclear whether there is functional

cross regulation between these two pathways (NF-κB andβ-
catenin) in NaF-induced neuroinflammation. In the present
study, we found that NaF activated microglia and increased
GSK3βand NF-κB activity, while inhibiting β-catenin ex-
pression (Figs. 4 and 5). This result is consistent with reports
investigating age-related neuroinflammation, Akt-GSK3β,
and Wnt/β-catenin signaling in the rat hippocampus [9].

DKK1 has been described as an extracellular antago-
nist of theWnt pathway, and studies have shown that DKK1
is required for the pathogenesis of many neurodegenerative
diseases, including AD in patients and animal models [24],
frontotemporal dementia in transgenic mice [25], ischemic
insults [26], and mesial temporal lobe epilepsy with hippo-
campal sclerosis [27]. However, the relationship between
DKK1 level and fluorosis remains unknown. In this study,
we established a model of NaF-induced neuroinflammation
to measure DKK1 expression and found increased DKK1
levels in BV2 cells treated with various concentrations of
NaF. This result suggested that DKK1, an inhibitor of the
canonical Wnt signaling pathway, might be involved in
NaF-induced neuroinflammation.

In summary, our study showed that NaF increases the
production of the pro-inflammatory mediators IL-6, TNF-α,
and ROS and disrupts the oxidation–antioxidation balance.
These inflammatory processes may result from Wnt/β-
catenin signaling pathway inhibition and NF-κB activation,
and these pathways may represent good targets for
protecting the CNS against fluorosis. The crosstalk between
theNF-κB andWnt/β-catenin signaling pathways should be
investigated in future studies of neuroinflammation.
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