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A B S T R A C T   

Background: Fluoride, an environmental contaminant, is ubiquitously present in air, water, and soil. It usually 
enters the body through drinking water and may cause structural and functional disorders in the central nervous 
system in humans and animals. Fluoride exposure affects cytoskeleton and neural function, but the mechanism is 
not clear. 
Methods: The specific neurotoxic mechanism of fluoride was explored in HT-22 cells. Cellular proliferation and 
toxicity detection were investigated by CCK-8, CCK-F, and cytotoxicity detection kits. The development 
morphology of HT-22 cells was observed under a light microscope. Cell membrane permeability and neuro-
transmitter content were determined using lactate dehydrogenase (LDH) and glutamate content determination 
kits, respectively. The ultrastructural changes were detected by transmission electron microscopy, and actin 
homeostasis was observed by laser confocal microscopy. ATP enzyme and ATP activity were determined using 
the ATP content kit and ultramicro-total ATP enzyme content kit, respectively. The expression levels of GLUT1 
and 3 were assessed by Western Blot assays and qRT-PCR. 
Results: Our results showed that fluoride reduced the proliferation and survival rates of HT-22 cells. Cytomor-
phology showed that dendritic spines became shorter, cellular bodies became rounder, and adhesion decreased 
gradually after fluoride exposure. LDH results showed that fluoride exposure increased the membrane perme-
ability of HT-22 cells. Transmission electron microscopy results showed that fluoride caused cells to swell, 
microvilli content decreased, cellular membrane integrity was damaged, chromatin was sparse, mitochondria 
ridge gap became wide, and microfilament and microtubule density decreased. Western Blot and qRT-PCR an-
alyses showed that RhoA/ROCK/LIMK/Cofilin signaling pathway was activated by fluoride. F-actin/G-actin 
fluorescence intensity ratio remarkably increased in 0.125 and 0.5 mM NaF, and the mRNA expression of MAP2 
was significantly decreased. Further studies showed that GLUT3 significantly increased in all fluoride groups, 
while GLUT1 decreased (p < 0.05). ATP contents remarkably increased, and ATP enzyme activity substantially 
decreased after NaF treatment with the control. 
Conclusion: Fluoride activates the RhoA/ROCK/LIMK/Cofilin signaling pathway, impairs the ultrastructure, and 
depresses the connection of synapses in HT-22 cells. Moreover, fluoride exposure affects the expression of glucose 
transporters (GLUT1 and 3) and ATP synthesis. Sum up fluoride exposure disrupts actin homeostasis, ultimately 
affecting structure, and function in HT-22 cells. These findings support our previous hypothesis and provide a 
new perspective on the neurotoxic mechanism of fluorosis.   

1. Introduction 

Fluorine (F) is widespread in the environment, rock (0–3400 mg/kg), 
soil (20–700 mg/kg), water, plant, and animal body (20–700 mg/kg) in 

various concentrations (Zhang et al., 2019). The U.S. Environmental 
Protection Agency established of maximum contaminant level (MCL) for 
F in drinking water of 4 mg/L and a secondary MCL (SMCL) of 2 mg/L 
(U.S. Environmental Protection Agency, 2010), The World Health 
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Organization (WHO, 2017) established a guideline for F in drinking 
water of 1.5 mg/L. The clinical application indicates that fluoride pre-
vents dental caries by reducing the demineralization of enamel (Wang 
et al., 2022). Therefore, fluoride is used for the treatment of dental 

caries, either systemically or topically in the last few years (Whelton 
et al., 2019). However, the persistent toxic effect of fluorine in humans 
and animals caused by excessive intake, and the potential toxic mech-
anisms in the CNS is one of great concern for public health. F- can cross 
the blood-brain barrier and result in an increased deposition in the brain 
of Wistar rats, resulting in high levels of epinephrine, histamine, sero-
tonin, and glutamate and decreased levels of norepinephrine, acetyl-
choline, and dopamine (Reddy et al., 2021). Consequently, it may result 
in changes in cell activity, and ion transport at the cellular level (Dec 
et al., 2017). Epidemiological findings have demonstrated that exposure 
to fluoride induces developmental neurotoxicity and motor disorders in 
male Wistar rats (Oyagbemi et al., 2020), impairs the learning and 
memory abilities of the male Sprague–Dawley rat offspring, reduces 
dendritic spine density, lower postsynaptic density protein-95 (PSD95) 
and synaptophysin expression in the hippocampus (Zhu et al., 2011; Li 
et al., 2022). Studies showed that excessive endoplasmic reticulum 
stress, neuronal apoptosis, autophagy, cytoskeletal damage, and syn-
aptic impairment occur in rat offspring following exposure to NaF (Chen 
et al., 2018, 2017; Niu et al., 2018; Wu et al., 2015; Zhu et al., 2017). 
Fluoride exposure causes disorder of microtubule construction and 
degeneration of axons dendrites in Purkinje cells (Oyagbemi et al., 
2020). Fluoride exposure can promote nuclear chromatin lysis in glial 
cells and reduce Nissl body content, ribosomal, and RNA concentrations 
in brain gray matter neurons resulting in neuronal aging, and degener-
ation (Yan et al., 2016). Therefore, fluoride exposure can cause struc-
tural and functional damage to the nervous system, and induce the 

Table 1 
The primer sequences of qRT-PCR.  

Gene name Accession No. Primer sequences (5′ − 3′) 

RhoA JN971019.1 F: CCTTCGGAATGACGAGCAC 
R: AGATGAGGCACCCAGACTTTT 

ROCK 1 NP_033097.1 F: ACCCACCATCTGGCTTTGTC 
R: CGGTTTATCAGGTAGCATCCC 

ROCK 2 NP_033098.2 F: GATGGTTGTCATTGCCTGTGC 
R: TGCTCTTTATCTTGTTCGCTGT 

Cofilin D00472.1 F: CAGACTGTGGACGACCCCTA 
R: GCTCTTGAGGGGTGCATTCT 

LIMK U15159 F: TGCAGTATTGACACGTCCCC 
R: TCGGTGTGTCACCTTGATGG 

MAP2 M 21041 F: CAGCAGAGGTCCCAAGTGAG 
R: GAAACAAGCAGGTCGGAGAT 

Tau NM_001038609.2 F: CCCTCTAATCCACTGGCACAT 
R: GAAGTCTGAAGGCTCATAAA 

GLUT1 NM_011400.3 F: CGGCCTGACTACTGGCTTTG 
R: AAGCCAAACACCTGGGCAAT 

GLUT3 AH005389.3 F: CGCATGAGGGCACAAATGTC 
R: GGGTGGCATCTAATCCTGGG 

GAPDH GU214026 F: CCTTCCGTGTTCCTACCC 
R: GCCCTCAGATGCCTGCT  

Fig. 1. Fluoride affects the proliferation, morphology and membrane permeability of HT-22 cells. A: fluoride depressing HT-22 cell proliferation; B: Determination of 
half maximal inhibitory concentration (IC50) of fluoride in HT-22 cell; C: Morphological change after fluoride exposure; D: CCK-F kit for the detection of live cell 
fluorescence intensity; E: Determination of LDH content in cell culture supernatant after fluoride exposure for 24 h. *Significantly different from control (p < 0.05), 
* *Highly significant differences from control (p < 0.01), * **Remarkable significant differences from control (p < 0.001), * ** *Extremely significant differences 
from control (p < 0.0001). 
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learning and memory abilities to decline in humans and animals. 
The Rho GTPase/Rho kinase (ROCK) signaling pathway plays an 

important role in the modulation of cell cytoskeleton (Rao et al., 2017; 
Amano et al., 2010; Sun et al., 2022). Rho GTPase activates its effector 
molecules, ROCK1 and ROCK2, and regulates diverse signaling effectors 
and pathophysiological processes (e.g, cell division, cell migration, 
wound healing, or immune surveillance) (Hauke et al., 2022). α-Crys-
tallin could counteract the effect of regeneration inhibitory factors and 
stimulate axonal regeneration by mediating the RhoA/ROCK signaling 
pathway (Wang et al., 2012). RhoA/ROCK signaling may couple or co-
ordinate actomyosin dynamics with mitochondrial dynamics to achieve 
optimal actomyosin function, leading to protrusive and migratory 
behavior (Qu et al., 2022). In the SD rat model, METH treatment 
increased the blood-brain barrier permeability by activating the 
RhoA/ROCK pathway, resulting in F-actin cytoskeleton rearrangement 
and downregulation of tight junction proteins (Xue et al., 2019). The 
effectors of the different RhoA usually have opposing effects on down-
stream pathways (Shamah et al., 2001). ROCK1 and 2 inhibit the myosin 
light chain phosphatase complex of type 1 (MYPT1), thereby modifying 
the actin-cytoskeletal dynamics. In addition, LIM domain kinase 1 
(LIMK1) and its paralogue LIMK2, one of the downstream effectors of 
ROCKs, are two closely related kinases that control actin cytoskeleton 
dynamics (Berrou et al., 2022). RhoA stabilizes the stress fibers and 
prevents the depolymerization of actin filaments through Cofilin phos-
phorylation, and ROCK1 and 2 activate LIMKs thus inhibiting Cofilin, 
and resulting in actin polymerization (Lee et al., 2022). The RhoA/R-
OCK/LIMK/Cofilin pathway modulates actin assembly in various 
cellular cell types in response to extracellular stimuli (Ohashi, 2015). 

The microtubule-associated proteins (MAPs) are a family of homol-
ogous proteins, including MAP2 and MAP4, with three or four basic 

microtubule-binding domains in their carboxy-terminal regions (Sün-
dermann et al., 2016). Tau protein (MAPT) is classified as a MAP, it 
regulates the axonal microtubule arrangement, promotes the assembly 
and interaction of microtubules with the cytoskeleton, impinges on 
axonal transport and synaptic plasticity (Sündermann et al., 2016; 
Brandt et al., 2020). Tau, MAP2, and NFs (nerve fibers) are essential for 
maintaining the stability of the cytoskeleton (Gutiérrez-Vargas et al., 
2022). Actin, which is present in all eukaryotic species and cell types, is 
the major protein in myofibrillar filaments and regulates various cell 
functions, such as muscle contraction, cell motility, and cell division 
(Pandey et al., 2006). Actin exists as a dynamic equilibrium mixture of 
two forms namely polymeric filamentous actin (F-actin) and monomeric 
globular actin (G-actin) (Ohno et al., 2013), which control the poly-
merization and depolymerization of actin filaments, and formation of 
actin-based bundles and cellular protrusions (Yamaguchi and Condeelis, 
2007). F-actin could be depolymerized into G-actin, and ATP can 
accelerate this transformation process (Zhou et al., 2018). Under normal 
conditions, the transformation between F-actin and G-actin maintains a 
dynamic balance. However, cellular structure is damaged when this 
balance is disturbed (Turner, 2009; Song et al., 2019). Liu et al. found 
that F-actin/G-actin, CA1 spine density, and synapse density remarkably 
decreased in female C57BL/6 mice hippocampus after letrozole treat-
ment, in which actin dynamic balance caused damage (Liu et al., 2019). 

Glucose transporters (GLUTs) play a pivotal role in multi-systematic 
functions in humans and animals. The high energy demand of the brain 
mainly depends on the D-glucose supply from the blood through the 
glucose transporters in the capillaries and brain cells (Koepsell, 2020). 
GLUTs are responsible for the cellular uptake of hexoses (Wang et al., 
2022), and 14 types have been studied, including GLUT1 and GLUT3, 
which are preferentially expressed in the brain (Maher and Simpson, 

Fig. 2. Effects of fluoride on the dead/live rate and glutamate release capacity in HT-22 cell. A: Detection of dead/live rate in HT-22 cell using the cytotoxicity 
detection kit; B: Statistical result of cytotoxicity detection; C: Determination of the content of glutamate in cell culture supernatant after NaF exposure for 24 h. 
*Significantly different from control (p < 0.05), * *Highly significant differences from control (p < 0.01), ** *Remarkable significant differences from control 
(p < 0.001), * ** *Extremely significant differences from control (p < 0.0001). 
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1994). GLUT1 is located on the endothelial cells of the blood-brain 
barrier, and it mediates the transport of glucose from the blood to the 
brain (Schindler and Foley, 2013). GLUT3 is ubiquitously expressed in 
the brain and predominantly expressed in the neurons of rodents 
(Koepsell, 2020). GLUT3 transports glucose much more efficiently than 
GLUT1, and a 6–10 folds higher abundance in GLUT3 was observed 
compared with GLUT1 in cultured granular neurons derived from rat 
cerebellum (Maher and Simpson, 1994). The downregulation of GLUT1 
and GLUT3 leads to a decrease in D-glucose concentration in neurons, 
representing an early event during the pathogenesis of AD (Koepsell, 
2020). Therefore, we aimed to determine whether the brain damage 
induced by fluoride exposure is related to abnormal glucose transport in 
humans and animals. 

In the present study, we established a fluorosis model in HT-22 cells 
to evaluate the relationship among fluoride, RhoA/ROCK/LIMK/Cofilin 
signaling pathway, and glucose transportation. This study will provide a 
new idea for exploring the neurotoxic mechanism of fluoride. 

2. Materials and methods 

2.1. Chemicals 

The reagents used include sodium fluoride (NaF, Tianjin Jinbei Fine 
Chemical Industry Co., Ltd.), glycerol, glutaraldehyde (Sigma Aldrich), 
phenylmethylsulfonyl fluoride (PMSF Beyotime, Shanghai), dimethyl 
sulfoxide (DMSO, Solarbio, Beijing), and DAPI (Solarbio, Beijing). So-
dium fluoride was dissolved in double distilled water and stored at 4 ℃ 
until diluted before use. Cell Counting Kit 8 (CCK-8, Dalian Meilun 
Biotechnology Co., Ltd), Cell Fluorescence Counting Kit-F (Beyotime, 
Shanghai), Green dead cell nucleic acid dye, and Hoechst 33342 (Key-
Gen BioTECH, Nanjing). 

2.2. Cell culture and drug treatment 

HT-22 cell line (mouse hippocampal neurons) was obtained from the 
Laboratory of Neural Development at Xinxiang Medical University. Cells 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Procell, 
Hangzhou, China) with 10% fetal bovine serum (Biological Industries, 
China), 100 U/mL penicillin-streptomycin in a damp atmosphere of 5% 
(v/v) CO2 and 95% (v/v) air at 37 ℃. HT-22 cells were plated in cell 

Fig. 3. Fluoride exposure impaired the ultra-
structure in HT-22 cells. A1–3, Control group; 
B1–3, 0.125 mM fluoride group; C1–3, 0.5 mM 
fluoride group; D1–3, 2 mM fluoride group. The 
red arrows indicate microfilament and micro-
tubule density in A1-D1. The black arrows 
indicate the decrease in microvilli reduction 
and cell membrane discontinuity and incom-
plete in A2-D2; The yellow arrows indicate the 
mitochondria ridge gap in A3-D3. Nucleus (Nu); 
Mitochondria (Mi); microvilli (Mc); Nuclear 
membrane (NM); Lysosome (Ly); Cytoskeletons 
(microfilament and microtubules, Cs).   

L. Chen et al.                                                                                                                                                                                                                                    



Ecotoxicology and Environmental Safety 254 (2023) 114718

5

culture plates after subculturing for 24 h (JET, Guangzhou, China), and 
then treated with diverse concentrations of sodium fluoride (0, 0.125, 
0.5, 2 mM) for 24 h. 

2.3. Cell proliferation assay 

HT-22 cells (1 ×105 cells/100 µL) were seeded into 96-well plates 
and cultured in DMEM medium. Following 8 h of culture, the cells were 
treated with fluoride (0–10 mM) for 24 h. After the experiment, cells 
were treated with CCK-8, and then subcultured for 1 h. Finally, the 
absorbance was measured using Multiscan Spectrum (MK3, Thermo 
Fisher Scientific, USA) at 450 nm, and the cell survival rates were 
calculated. 

2.4. Cell viability assay 

Cell Fluorescence Counting kit-F (CCK-F) was used to detect cell 
activity. The treatment method in the same as that of the cell prolifer-
ation assay. Following 8 h of incubation, the cells were treated with NaF 
(0, 0.125, 0.5, and 2 mM) for 24 h. The medium was discarded, and the 
cells were treated with Calcein-AM working fluid and incubated in the 
dark at 37 ℃ for 30 min. Finally, the fluorescence intensity was 
measured in 477 nm with a fluorescence microplate reader (Thermo 
Fisher Scientific, USA) and analyzed using Prism software. 

2.5. Cytotoxicity detection 

Cells were cultured on the coverslips (diameter 14 mm), and the cells 
were treated with NaF (0, 0.125, 0.5, and 2 mM) for 24 h. The samples 
were added with green dead cell nucleic acid dye, incubated in the dark 
at 37 ℃ for 30 min, and added with Hoechst33342 with 4% para-
formaldehyde. The samples were then incubated in the dark at room 
temperature for 15 min and then washed with PBS. The coverslip was 
placed on the slide (with an anti-fluorescence inhibitor), fluorescence 
microscopy was performed (Nikon, Shanghai), and results were 
analyzed using Prism software. 

2.6. Determination of cellular membrane permeability and glutamate 
content 

The supernatant of cells was collected after treatment with fluoride, 
and three repetitions were set for each group. The membrane perme-
ability was detected using the LDH assay kit (A020–2, Nanjing Jian-
cheng, China) in the supernatant, and ODs were measured using the 
Multiscan Spectrum at 450 nm. The glutamate content determination kit 
(A-074–1–1, Nanjing Jiancheng, China) was used in this study, ODs 
were measured using the Multiscan Spectrum at 340 nm and analyzed 
using Prism software. 

2.7. Ultrastructural observation of HT-22 cell 

The ultrastructure of the HT-22 cell was observed using a trans-
mission electron microscope. The HT-22 cell was harvested after fluo-
ride treatment, fixed with 2.5% glutaraldehyde at room temperature, 
treated with 1% osmic acid, dehydrated in a graded alcohol series, and 
embedded in araldite resin. Sections with thicknesses of 50 nm were 
stained with uranyl acetate and lead citrate and then observed by TEM 
(H-7500, Hitachi). 

2.8. F-actin/G-actin staining 

Cells were cultured on the coverslips (diameter of 14 mm) in 12-well 
plates and then treated with NaF (0, 0.125, 0.5, and 2 mM) for 24 h. The 
cells were fixed in 4% formaldehyde at room temperature for 10–15 min 
and washed with PBS. 0.1% Triton X-100 in PBS for 5 min, washed with 
PBS and then added with 400 µL (9 µg/mL or 0.3 µM) of fluorescent 
DNase I solution (D12372, Molecular Probes, USA) per coverslip. Then 
the samples were incubated in the dark at 37 ℃ for 30 min and rinsed 
thrice with PBS to remove the unbound fluorescent solution. In total, 
400 µL of phalloidin (0.5 μg/mL, P5282, Sigma) in PBS was added to the 
coverslip, which was then incubated in the dark at 37 ℃ for 30 min and 
rinsed thrice with PBS to remove unbound phalloidin. 1 × DAPI solution 
was incubated at room temperature for 5 min and then washed with 

Fig. 4. Fluoride exposure activates the RhoA/ROCK/LIMK/Cofilin in HT-22 cells. A: The protein expression levels of RhoA, ROCK, LIMK, and Cofilin were deter-
mined by Western Blot; B: The statistical result of protein expression; C: mRNA expression of RhoA, ROCK, and LIMK and Cofilin. *Significantly different from 
control (p < 0.05). 
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PBS. The coverslip was placed on the slide (with an anti-fluorescence 
inhibitor). Laser confocal microscopy (LSM 800, Zeiss, Germany) was 
performed, and the results were analyzed using ImageJ software. 

2.9. Western blot analysis 

The HT-22 cells were harvested after fluoride treatment, and then 
lysed in ice-cold protein lysis buffer for 30 min and centrifuged at 
12,000 rpm for 10 min at 4 ℃. The supernatant was collected. The total 
protein content of the samples was determined using the BCA protein 
concentration detection kit (Beyotime Beijing). Equal amounts of (30 
μg) protein sample were loaded into a 10% SDS-PAGE gel for separation, 
transferred onto the PVDF membrane by semi-dry transmembrane in-
strument (221BR, BIO-RAD) and blocked in 5% non-fat milk for 2 h at 
room temperature. Then, the membranes were separately incubated 
with RhoA, ROCK, LIMK, Cofilin, MAP2, Tau, GLUT1, and GLUT3 pri-
mary antibodies. Goat anti-mouse or rabbit lgG horseradish peroxidase 
labeling (ZSbio, Beijing) was used as the secondary antibody. The target 
bands were detected using super-sensitivity chemiluminescence re-
agents (Willget biotech, Shanghai China). The ODs of the protein bands 
were centralized and normalized to GAPDH by using ImageJ software 
(National Institutes of Health, USA), and results were analyzed using 
Prism software. 

2.10. Quantitative real-time polymerase chain reaction 

The total cellular RNA was obtained using TRIzol reagent (Invi-
trogen, USA) and stored in a refrigerator at − 80 ◦C (Thermo Fisher 

Scientific, USA). The relative mRNA expression of RhoA, ROCK, LIMK, 
Cofilin, MAP2, TAU, GLUT1, and GLUT3 were determined using applied 
biosystems quaint studio 5 (Thermo Fisher Scientific, USA). qRT-PCR 
was performed in 10 µL of the reaction mixture with the following 
cycle conditions: 95 ℃ for 30 s, followed by 40 cycles at 95 ℃ for 5 s, 60 
℃ for 20 s, and 72 ℃ for 20 s. The target genes were normalized to the 
GAPDH, and the mRNA expression was determined using the 2-ΔΔCt 

method and analyzed using Prism software (Table 1). 

2.11. ATP and ATPase content determination 

The cells were collected after treatment with fluoride and ground 
using a frozen grinding instrument (N9548R, Beijing Hide Technology 
Co., Ltd). Three repetitions were set for each group. ATPase was 
detected using the ultra-trace ATP enzyme test kit (A070–1, Nanjing 
Jiancheng, China), ATP content detection used ATP content test kit 
(A095–1–1, Nanjing Jiancheng, China). ODs were measured by the 
Multiscan Spectrum at 636 nm and analyzed using Prism software. 

2.12. Statistic assay 

All the data were expressed as mean ± standard deviation (SD), and 
set up more than three independent repeats for every group. Results 
were analyzed using Student’s t-test and analysis of variance (ANOVA) 
by using GraphPad Prism (version 8.3). P values less than 0.05 were 
considered statistically significant. 

Fig. 5. Fluoride exposure destroys the F-actin/G-actin dynamic balance of HT-22 cells. A: F-actin, G-actin, and DAPI staining. The green label was phalloidin dyed; 
the red label was DNase I dyed; the blue label was DAPI dyed. B: F-actin fluorescence intensity statistics; C: G-actin fluorescence intensity statistics; D: F-actin/G-actin 
fluorescence intensity statistics. * *Highly significant differences from control (p < 0.01), * **Remarkable significant differences from control (p < 0.001), 
* ** *Extremely significant differences from control (p < 0.0001). 
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Fig. 6. Expression of MAP2 and Tau in HT-22 cell after fluoride exposure. A: The protein expression of MAP2 and Tau were determined by Western Blot; B: Protein 
expression of MAP2; C: Protein expression of Tau; D: mRNA expression of MAP2; E: mRNA expression of Tau. *Significantly different from control (p < 0.05), 
* *Highly significant differences from control (p < 0.01), **Remarkable significant differences from control (p < 0.001), * ** *Extremely significant differences from 
control (p < 0.0001). 

Fig. 7. Determination of the expression of the GLUT1 and GLUT3 and contents of ATP/ATPase in HT-22 cell. A: The proteins expression of GLUT1 and GLUT3 were 
determined by Western Blot; B: Protein expression of GLUT1; C: Protein expression of GLUT3; D: mRNA expression of GLUT1; E: mRNA expression of GLUT3; F: ATP 
concentration; G: ATPase concentration. *Significantly different from control (p < 0.05), * *Highly significant differences from control (p < 0.01). 
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3. Results 

3.1. NaF depressing proliferation and neurotransmitter release of HT-22 
cell 

The cell proliferation capacity of HT-22 cells induced by NaF was 
determined by the CCK-8 kit. As shown in Fig. 1 A, NaF significantly 
reduced the cell viability in a dose-dependent manner (0.125–10 mM, p 
< 0.05). The IC50 of NaF is 2.079 mM in HT-22 cells, which were 
assayed by cell counting (Fig. 1 B). Therefore, 0.125, 0.5, and 2 mM 
were set as ultimate concentrations to explore the cytotoxic effects of 
NaF in the following experiments. 

The optical microscopic observation of HT-22 cells indicated that the 
cellular morphology and number changed in the fluoride-treated group. 
In comparison with normal cells cellular bodies became rounder, den-
dritic spines became shorter, and adhesion decreased gradually after 
fluoride exposure (Fig. 1 C). Calcein-AM (Fig. 1 D) was used to stain the 
live cell. The fluorescence intensities were remarkably reduced in the 
0.5 and 2 mM fluoride treatment groups (p < 0.01), revealing that 
fluoride attenuated the HT-22 cell viability. LDH is a stable cytoplasmic 
enzyme, when the cell membrane is damaged, it is quickly released into 
the cell culture medium. As shown in Fig. 1 E, the LDH content 
remarkably increased in the 0.5 and 2 mM groups (p < 0.01), revealing 
that NaF increased the membrane permeability of HT-22 cells. 

The cytotoxicity detection kit results displayed that the ratio of dead/ 
live cells remarkably increased in fluoride treatment groups with control 
(Fig. 2 A, B). Fig. 2 C showed that glutamate secreted no distinctness in 
the fluoride treatment group with control. Therefore, fluoride reduced 
the proliferation and survival rates of HT-22 cells. 

3.2. NaF causes impairment of ultrastructure in HT-22 cell 

Fig. 3 showed that in the control group, the microvilli of the cell 
surface were abundant, the cell membrane was consecutive and com-
plete, the chromatin was evenly distributed, distinct nucleolus are pre-
sent in the nuclei, and the mitochondrial structure was normal. 
Microfilament and microtubules are arranged orderly and complete. In 
the fluoride group, the cells were swelling, microvilli content decreased, 
cellular membrane integrity was damaged to varying degrees, chro-
matin was sparse, mitochondria ridge gap became wide, and microfil-
ament and microtubule density were scarce. Therefore, NaF caused the 
impairment of ultrastructure in HT-22 cells, consisting of increased LDH 
content. 

3.3. NaF activates the RhoA/ROCK/LIMK/Cofilin signaling pathway in 
HT-22 cell 

NaF exposure induced the damage of microfilament and microtu-
bules. Generally, the RhoA/ROCK signaling pathway can regulate the 
structure and function of the cytoskeleton. However, whether RhoA/ 
ROCK/LIMK/Cofilin signaling pathway participates in the fluoride- 
induced structural and functional disorder has not been reported. The 
next studies were used to verify this question by Western Blot and qRT- 
PCR analysis. The protein expression level of ROCK1 was significantly 
upregulated in the 2 mM fluoride treatment group (p < 0.05), and LIMK 
was significantly upregulated in the 0.5 and 2 mM fluoride treatment 
groups (p < 0.05). In addition, RhoA and Cofilin expression increased 
but no remarkable difference (Fig. 4 A, B). Furthermore, qRT-PCR was 
applied to identify the relative mRNA expression of RhoA, ROCK1/2, 
LIMK, and Cofilin after fluoride exposure. Higher mRNA expression was 
found in NaF groups than in the normal cell, but no significant difference 
(Fig. 4 C). The results revealed that the RhoA/ROCK/LIMK/Cofilin 
signaling pathway was activated by NaF. 

3.4. NaF exposure destroys the actin homeostasis of HT-22 cell 

The above results confirm that NaF activated the RhoA/ROCK/ 
LIMK/Cofilin signaling pathway and induced actin realignment. 
Therefore, the influence of this result on the actin homeostasis (F-actin/ 
G-actin dynamic balance) of the cell needs to be determined. In the 
present study, DNase I solution and phalloidin were used to mark G- 
actin and F-actin, respectively. As shown in Fig. 5 A, a large number of 
cells can be observed under the visual field, F-actin and G-actin uniform 
distribution of whole cellular bodies with abundant synaptic connec-
tions among cells in the control group. By contrast, the number of cells 
decreased, and F-actin fluorescence intensity significantly increased in 
the 0.125 and 0.5 mM fluoride treatment group (Fig. 5 B, p < 0.01), but 
significantly decreased in the 2 mM fluoride treatment group 
(p < 0.001). G-actin fluorescence intensity significantly decreased in the 
0.125 mM fluoride treatment group (Fig. 5 C, p < 0.001). F-actin/G- 
actin fluorescence intensity ratio significantly increased in the 0.125 and 
0.5 mM fluoride treatment group (Fig. 5 D, p < 0.01), and no significant 
difference in 2 mM NaF. 

3.5. NaF affects the protein expression of the cytoskeleton in HT-22 cell 

The above results confirmed that NaF disrupts the dynamic balance 

Fig. 8. Mind map of fluoride causing neural 
damage. Fluoride exposure activates the RhoA/ 
ROCK/LIMK/Cofilin signaling pathway, 
causing mitochondrial damage. ADP generated 
ATP reduction. The decreased MAP2 and TAU 
levels affectes the distribution of the cytoskel-
eton, thus destroying the dynamic balance of 
actin and affecting the cellular structure and 
function. Fluoride affected glucose entry into 
neurons by affecting GLUT1 and GLUT3. ATP 
was released through the TCA cycle, thus 
affecting the transformation of F-actin and G- 
actin, and the dynamic balance of actin.   
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of F-actin/G-actin and affects cytoskeletal arrangement. To investigate 
the mechanism of fluoride in cytoskeletal regulation, we detected the 
expression of MAP2 and Tau. The mRNA relative expression level of 
MAP2 significantly decreased in the fluoride treatment groups (Fig. 6 D, 
p < 0.001), while the Tau expression significantly increased (Fig. 6 E, 
p < 0.05). In addition, the protein expression of MAP2 and Tau was 
suppressed after fluoride treatment (Fig. 6 A,B,C). Therefore, NaF can 
induce cytoskeletal rearrangement by inhibiting the expression of 
microtubule-associated proteins in HT-22 cells. 

3.6. NaF affects the contents of the ATP enzyme and ATP in HT-22 cell 

Glucose is the basic and main energy supply source through the 
blood circulation into each system of the whole body. The main protein 
GLUT1 and GLUT3 participate in glucose transport from the blood into 
the brain in humans and animals. F-actin/G-actin dynamic balance is an 
essential precondition to maintain the cellular structure and functions, 
and ATP participates in this process. Above results demonstrated that 
fluoride exposure induced the F-actin/G-actin dynamic to unbalance, 
but the effect of this change in ATP production and glucose transport 
process is unclear. As shown in Fig. 7, the mRNA relative expression of 
GLUT1 increased in the 0.125 and 2 mM fluoride treatment groups and 
yet decreased in 0.5 mM (Fig. 7 D, p < 0.05), while GLUT3 increased in 
all NaF groups, especially in 0.5 mM fluoride treatment groups (Fig. 7 E, 
p < 0.05). Western Blot analysis results demonstrated that the protein 
expression of GLUT1 decreased in the treatment groups compared with 
the control (p < 0.05). The protein expression of GLUT3 increased in all 
fluoride treatment groups, especially in the 0.5 and 2 mM fluoride 
treatment groups (Fig. 7 A, B, C, p < 0.05). ATP assay kit analysis 
showed the ATP contents significantly increased after fluoride treatment 
compared with the control (Fig. 7 F, p < 0.05). ATPase assay kit analysis 
showed that the ATP enzyme decreased in the treatment groups, and a 
significant difference in 2 mM (Fig. 7 G, p < 0.05). Therefore, NaF 
exposure can influence the glucose transport and ATP production pro-
cess in HT-22 cells. 

4. Discussion 

Fluorine, a toxic and reactive element, is widespread in the envi-
ronment and can induce neurotoxicity in humans and animals. Fluoride 
has a dual impact on human health. The normal growth and develop-
ment of human teeth and bones require trace amounts of fluoride, while 
excessive ingestion will cause damage to tissues, organs, and systems 
(Qiao et al., 2021). Drinking water with a concentration between 0.5 
and 1.0 ppm is beneficial to prevent dental caries, while exceeding 
1.5 ppm will lead to fluorosis (Srivastava and Flora, 2020). NaF expo-
sure induced the expression of brain-derived neurotrophic factor 
(BDNF) increased, and glial fibrillary acidic protein (GFAP) decreased in 
the cerebral cortex and hippocampus of SD rats (Jiang et al., 2014). 
Results indicate a significantly increased frequency of DNA damage and 
the synthesis of proinflammatory transcription factors (NF-kB) after 
fluorine treatment in primary neurons of rat hippocampus (Zhang et al., 
2008). However, the neurotoxic mechanism of fluoride is not clear. 

Previous studies showed that fluoride exhibited dose-dependent 
neurotoxicity in vivo and in vitro which can cause ultrastructural 
damage and downregulated the expression of cytoskeletal protein MAP2 
and TAU (Chen et al., 2017; Ning et al., 2021). In our study, CCK-8, and 
CCK-F assay results indicated that fluoride can significantly reduce 
cellular proliferation and activity in HT-22 cells. Meanwhile, the TEM 
showed cellular membrane integrity, mitochondria, microfilament, and 
microtubules were damaged after fluoride exposure. The LDH test sug-
gested that fluoride increased the membrane permeability of HT-22 cells 
in a dose-dependent manner. Based on these results, cell morphology 
changed in the treatment groups compared with the control, but the 
secretion of neurotransmitter glutamate has no significant difference in 
HT-22 cells. Therefore, fluoride affects the morphology, vitality, and 

membrane integrity of HT-22 cells. 
Kandimalla et al. reported the changes in the expression of MAP2, 

one soluble protein, caused by abnormal phosphorylation triggers 
neurotoxic processes (Kandimalla et al., 2018). Alzheimer’s disease 
(AD) and demyelination (DE) lead to the disassembly of MAP2 and Tau 
accumulation (Gutiérrez-Vargas et al., 2022). In the present study, re-
sults indicated that fluoride causes MAP2 suppressing expression in 
mRNA level, but Tau showed contradictory trends. In addition, the 
MAP2 and Tau protein expression had no difference among intergroup. 
The actin staining result showed that fluoride-induced cytoskeletal 
arrangement was disorderly and F-actin/G-actin dynamic unbalance. It 
is widely known that the normal arrangement of the cytoskeleton is 
crucial for the initial establishment of the polarity of cell (Tahirovic and 
Bradke, 2009), and various signal molecules of the Rho family are 
involved in regulating cytoskeletal dynamics (Jaffe and Hall, 2005). The 
RhoA/ROCK pathway is closely associated with the growth of neurons 
and their axons. The activation of this pathway may disrupt dendritic 
spine structure and function, and affect neurite morphology, extension, 
and growth, which causes axonal growth inhibition, synaptic damage, 
and synaptic loss (Sellers et al., 2018; Swanger et al., 2016; Bisbal et al., 
2018). Rho GTPase-activating protein 35 (ARHGAP35) could directly 
regulate cytoskeletal reorganization by activating RhoA (Sun et al., 
2014). Evidence from animal studies reveals that the RhoA/ROCK 
signaling pathway is involved in various CNS diseases, such as Alz-
heimer’s disease (Henderson et al., 2016), Parkinson’s disease (Iyer 
et al., 2021), and amyotrophic lateral sclerosis (Günther et al., 2017). 
RhoA/ROCK is a promising drug target in neurodegenerative diseases. 
In the present study, fluoride exposure induced the cytoskeletal 
arrangement, and activates the RhoA/ROCK/LIMK/Cofilin signaling 
pathway of mRNA and protein in HT-22 cells. We can suggest that 
fluoride affects the arrangement of the cytoskeleton by the activation of 
the RhoA/ROCK/LIMK/Cofilin signaling pathway. 

GLUT1 is located on the endothelial cells of the blood-brain, and 
mediates the transport of glucose from the blood to the brain. GLUT3 is 
ubiquitously and abundantly expressed in brain neurons and serves in 
the housekeeping uptake of D-glucose into neurons (Koepsell, 2020). 
The decreased expression levels of GLUT1 and GLUT3 in the cerebral 
cortex of AD patients, impair glucose uptake in the brain, thus leading to 
the hyperphosphorylation of Tau protein (Watson and McStay, 2020). 
Beta-amyloid (Aβ42) caused decreased protein and mRNA expression 
levels of GLUT1 and GLUT3, ultimately leading to decreased glucose 
uptake and metabolism in male C57BL/6 J mice and male APP/PS1 
transgenic mice. Shen-Zhi-Ling oral liquid reduced GLUT1 but alleviated 
the decrease in GLUT3 caused by Aβ42, enhancing glucose uptake and 
metabolism (Qin et al., 2021). The expression of GLUT1 and GLUT3 was 
upregulated in the colorectal cancer cell line cultured under hypogly-
cemic or no glucose (Reckzeh et al., 2019). Moreover, in tumor cells, 
GLUT1 and GLUT3 expression levels were upregulated in response to 
HIF-1a (Masoud and Li, 2015). In the present study, GLUT1 was 
reduced, while GLUT3 was significantly increased in the NaF groups of 
the mRNA and the protein, possibly because of cellular compensation, 
thus affecting the uptake of glucose. 

Adenosine triphosphate (ATP) is within the organism the carrier of 
energy conversion, and its change will affect the function of cells. 
Adenosine triphosphatases (ATPase) are found in rhagiocrine cells or 
membranes of organelles, and they participate in energy transformation 
and in material and information transportation. ATPases utilize ATP 
hydrolysis to actively pump substrates across cell membranes and 
maintain the ionic gradient of cells (Dyla et al., 2020). Mitochondria are 
the main sites for ATP production in cells, and mitochondrial damage 
leads to ATP reduction. ATP content increased the transformation from 
F-actin to G-actin, whereas ATP hydrolysis to ADP restrained the 
transformation from G-actin to F-actin. Our results showed ATP contents 
significantly increased, and ATPase significantly decreased after fluo-
ride treatment compared with the control. This finding suggest that 
fluoride reduces the level of ATPase and the ability of ATP hydrolysis to 
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ADP decreases, resulting in high ATP content in HT-22 cell. 

5. Conclusion 

In summary, as shown in the mind map of fluorine causing neural 
damage (Fig. 8), this study instructed that fluoride activities the RhoA/ 
ROCK/LIMK/Cofilin signaling pathway, thus effect HT-22 cell survival, 
cellular morphology, and ultrastructure, inhibit neuronal function and 
perturb the dynamic balance of actin. Moreover, fluoride exposure af-
fects glucose entry into neurons and ATP production by interfering with 
the expression of GLUT1 and GLUT3, ultimately affecting structure and 
function of the neuron. These findings provide strong evidence of the 
neurotoxic mechanism of fluoride. However, the effect of fluoride on 
synaptic development needs to be further explored. 
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