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A B S T R A C T   

Fluoride is capable of inducing developmental neurotoxicity; regrettably, the mechanism is obscure. We aimed to 
probe the role of lysosomal biogenesis disorder in developmental fluoride neurotoxicity—specifically, the 
regulating effect of the transient receptor potential mucolipin 1 (TRPML1)/transcription factor EB (TFEB) 
signaling pathway on lysosomal biogenesis. Sprague-Dawley rats were given fluoridated water freely, during 
pregnancy to the parental rats to 2 months after delivery to the offspring. In addition, neuroblastoma SH-SY5Y 
cells were treated with sodium fluoride (NaF), with or without mucolipin synthetic agonist 1 (ML-SA1) or 
adenovirus TFEB (Ad-TFEB) intervention. Our findings revealed that NaF impaired learning and memory as well 
as memory retention capacities in rat offspring, induced lysosomal biogenesis disorder, and decreased lysosomal 
degradation capacity, autophagosome accumulation, autophagic flux blockade, apoptosis, and pyroptosis. These 
changes were evidenced by the decreased expression of TRPML1, nuclear TFEB, LAMP2, CTSB, and CTSD, as well 
as increased expression of LC3-II, p62, cleaved PARP, NLRP3, Caspase1, and IL-1β. Furthermore, TRPML1 
activation and TFEB overexpression both restored TFEB nuclear protein expression and promoted lysosomal 
biogenesis while enhancing lysosomal degradation capacity, recovering autophagic flux, and attenuating NaF- 
induced apoptosis and pyroptosis. Taken together, these results show that NaF promotes the progression of 
developmental fluoride neurotoxicity by inhibiting TRPML1/TFEB expression and impeding lysosomal biogen-
esis. Notably, the activation of TRPML1/TFEB alleviated NaF-induced developmental neurotoxicity. Therefore, 
TRPML1/TFEB may be promising markers of developmental fluoride neurotoxicity.   

1. Introduction 

The element fluorine is widespread in the natural environment of the 
Earth. Water, food, and air can all contribute to its entry into the body. 
Industrial emissions, pesticide residues, and household chemical prod-
ucts, such as toothpaste, are also important sources of fluoride (Caldas 
et al., 2022; Wang et al., 2019). Moderate fluoride intake is beneficial for 
preventing dental caries and strengthening bones. Nevertheless, 

long-term exposure to superabundant fluoride causes not only skeletal 
system fluorosis, with dental and skeletal fluorosis as the primary 
manifestations, but also adverse effects on other non-skeletal systems 
(Zhou et al., 2022a). Given that drinking water is one of the main 
sources of fluoride in humans, the World Health Organization stipulates 
that the permissible limit of fluoride is 1.5 mg/L in drinking water 
(Anon, 2022). Due to the nonrenewable nature of neurons, fluoride 
exposure is particularly harmful to the nervous system (Dec et al., 2017). 
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Prenatal exposure to adverse factors is extremely hazardous to the 
development of the brain since the nervous system has not completely 
matured (De Asis-Cruz et al., 2022). Previous literature indicates that 
fluoride can accumulate in the fetal brain by crossing the placental and 
blood-brain barriers in the perinatal stage, causing non-reversible injury 
to the nervous system, which is more harmful than in adults (Abduweli 
et al., 2020; Castiblanco-Rubio and Martinez-Mier, 2022). Epidemio-
logical investigations have shown that maternal exposure to fluoride 
during pregnancy is connected with an inferior intelligence quotient 
(IQ) in their offspring (Goodmanet al., 2022; Green et al., 2019). A 
cross-sectional study has demonstrated that excessive fluoride exposure 
can cause cognitive dysfunction in children (Prabhakar et al., 2021). 
Animal research has demonstrated that fluoride exposure during preg-
nancy and lactation causes cognitive and motor dysfunction in rats 
(Ferreira et al., 2021; Souza-Monteiro et al., 2022). Thus, it is apparent 
from these results that excessive fluoride exposure during early devel-
opment can lead to severe neurotoxicity (Grandjean, 2019). However, 
there remains a lack of clarity regarding the specific mechanisms of 
developmental fluoride neurotoxicity. 

Currently, compelling evidence suggests that the mechanisms of 
fluoride-induced nervous system damage include neurotransmitter 
release disorders, glial activation, reactive oxygen species production, 
mitochondrial dysfunction, inflammation, and cell apoptosis (Adkins 
and Brunst, 2021; Dec et al., 2017; Nagendra et al., 2021). As the centers 
of material and energy metabolism, mitochondria are involved in the 
occurrence and development of many neurodegenerative diseases 
(Coelho et al., 2022). Excessive fluoride intake can destroy the ultra-
structure of mitochondria; change mitochondrial permeability; inhibit 
the mitochondrial respiratory chain; reduce mitochondrial activity, 
adenosine triphosphate (ATP) content and mitochondrial membrane 
potential; promote the release of cytochrome C; and lead to cell 
apoptosis (Wei et al., 2022). Damaged mitochondria are degraded in 
lysosomes through autophagy and thus, prevented from damaging the 
nerve cells (Lou et al., 2020). 

Neurons are nonrenewable cells. Therefore, the removal of harmful 
substances from neurons through autophagy is crucial for maintaining 
intracellular homeostasis (Mizushima and Levine, 2020). Autophagy is 
crucial for maintaining cellular activity and intracellular homeostasis by 
forming autophagosomes that transport defective organelles, misfolded 
and aggregated proteins, and pathogens to lysosomes for degradation 
and recirculation (Xia et al., 2021). The autophagic dynamic process is 
called autophagic flux and includes autophagosomal formation and 
maturation, autophagosome-lysosome fusion, and autophagic substrate 
degradation in lysosomes. Autophagic flux blockade leads to the ag-
gregation of defective organelles and pathogenic proteins, disrupting 
intracellular homeostasis and causing neuronal damage, which results in 
various neurodegenerative diseases (Zhao et al., 2021). Excessive fluo-
ride can inhibit mitochondrial fission and induce mitochondrial abnor-
malities, resulting in autophagic flux blockade and apoptosis (Zhao 
et al., 2019). Fluoride exposure has been found to cause autophagosome 
accumulation and inhibit autophagosome-lysosome fusion, causing 
autophagic flux blockade, thereby contributing to developmental 
neurotoxicity (Zhang et al., 2021b). Despite the evidence suggesting a 
potential connection between autophagic flux blockade and develop-
mental fluoride neurotoxicity, the detailed mechanisms underlying this 
toxicity are unclear. 

Lysosomes are the final components of autophagic flux, containing 
more than 60 acidic hydrolases that degrade various substrates such as 
proteins, lipids, senescent organelles, and inactivated cells in autopha-
gosomes and providing raw materials for new biomolecules. They are 
the cellular processing and recycling systems (Ballabio and Bonifacino, 
2020). Lysosomal biogenesis, an essential prerequisite for maintaining 
normal lysosomal function, involves the following steps. The plasma 
membrane and posterior Golgi form early endosomes, which experience 
multiple rounds of fusion and proliferation and gradually mature into 
late endosomes, eventually forming lysosomes (Mullins and Bonifacino, 

2001). Thus, in the case of lysosomal biogenesis disorders, there are 
insufficient lysosomes available to participate in substrate degradation, 
resulting in decreased lysosomal degradation capacity and consequent 
substrate accumulation, leading to lysosomal storage disease and 
impairment of neuronal function (Rebiai et al., 2021). The transcription 
factor EB (TFEB) is a central regulator of the lysosomes, which boosts the 
gene expression required for lysosomal biogenesis and function (Bajaj 
et al., 2019). TFEB is typically situated in the cytoplasm of the cell. 
Nevertheless, after exposure to stressful conditions such as starvation, 
TFEB enters the nucleus, promotes the transcription of lysosome-related 
genes, facilitates lysosomal biogenesis, and restores normal lysosomal 
function (Martini-Stoica et al., 2016). Thus, TFEB has evolved into a 
therapeutic target for various diseases caused by lysosomal biogenesis 
and dysfunction (Chen et al., 2021). Lysosomal biogenesis requires TFEB 
nuclear translocation, which is regulated by Ca2+, and the release of 
Ca2+ is controlled by transient receptor potential mucolipin 1 
(TRPML1). Upon activation of TRPML1 channels, Ca2+ is released from 
the lysosomal lumen and activates calcineurin to dephosphorylate TFEB, 
which promotes TFEB nuclear translocation and subsequent lysosomal 
biogenesis (Ballabio and Bonifacino, 2020). Growing evidence suggests 
that lysosomal biogenesis disorders and dysfunction are vital causes of 
autophagic flux blockade in neurons (Gu et al., 2019; Li et al., 2020). 
However, the effect of lysosomal biogenesis disorder on developmental 
fluoride neurotoxicity, particularly the effect of TRPML1/TFEB, requires 
further exploration. 

Hence, in the current study, Sprague-Dawley (SD) rats were given 
fluoridated water freely, from pregnancy to the parental rats to 2 months 
after delivery to the offspring (to simulate human fluoride exposure 
during a pivotal stage of neurodevelopment). Human neuroblastoma 
SH-SY5Y cells were treated with sodium fluoride (NaF), with or without 
mucolipin synthetic agonist 1 (ML-SA1)—a TRPML1 channel agonist 
that promotes lysosomal Ca2+ release, activates calcineurin, and triggers 
TFEB nuclear translocation and subsequent lysosomal biogenesis (Kim 
et al., 2021)—or adenovirus TFEB (Ad-TFEB) intervention. Thus, we 
aimed to investigate the role of lysosomal biogenesis disorder in 
developmental fluoride neurotoxicity and establish the scientific and 
theoretical bases for the treatment and prevention of fluorosis. 

2. Materials and methods 

2.1. Antibodies, reagents, and chemicals 

NaF (7681–49–4) and ML-SA1 (332382–54–4) were obtained from 
Sigma (USA). mRFP-GFP-LC3 adenoviral vectors were obtained from 
Hanbio Biotechnology Co., Ltd. (China). Fluo-3 AM was provided by 
APExBIO (C5092, USA). LysoTracker Red was supplied by Solarbio 
Science and Technology Co., Ltd. (L8010, China). The TRPML1 antibody 
was provided by Thermo Fisher (PA1–46474, USA). Poly (ADP-ribose) 
polymerase (PARP) (13371–1-AP), cathepsin D (CTSD) (66534–1-Ig), 
microtubule-associated protein 1 light chain 3 (LC3) (14600–1-AP), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (10494–1-AP), 
sequestosome 1 (SQSTM1/p62) (18420–1-AP), TFEB (13372–1-AP), 
and lysosomal-associated membrane protein 2 (LAMP2) (27823–1-AP) 
antibodies were provided by Proteintech (USA). Recombinant adeno-
virus plasmid expressing TFEB was purchased from WZ Biosciences Inc. 
(China). Cathepsin B (CTSB) (ab214428) and cysteinyl aspartate specific 
proteinase 1 (Caspase1) (ab179515) antibodies were obtained from 
Abcam (USA). Interleukin-1β (IL-1β) (A00101) and proliferating cell 
nuclear antigen (PCNA) (BM0104) antibodies and the nuclear protein 
extraction kit (AR0106) were obtained from Boster Co., Ltd. (China). 
The NOD-like receptor protein 3 (NLRP3) antibody was purchased from 
Bioss (bs-10021R, China). Horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit IgG (ZB-2301), HRP-conjugated goat anti-mouse IgG 
(ZB-2305), and fluorescein isothiocyanate (FITC)-conjugated goat anti- 
rabbit IgG (ZF-0311) were purchased from ZSGB-BIO (China). 
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2.2. Animals and treatments 

The Experimental Animal Center of Xinjiang Medical University 
supplied specific pathogen free (SPF)-rated adult SD rats. The research 
protocol was approved by the Ethics Committee for Animal Research of 
the School of Medicine, Shihezi University. The animals were placed in a 
room with a temperature of 20–25 ℃, a humidity of 50–60 %, and a 12 h 
light-dark cycle. The rats were fed ad libitum with tap water and stan-
dardized granular food. 

After a week of acclimation, 24 SD rats—8 males and 16 fema-
les—were stochastically separated into one control group (tap water 
with fluoride ion content below 1 mg/L) and three NaF-treatment 
groups. Rodents remove fluoride from their bodies more efficiently 
than humans (Angmar-Mansson and Whitford, 1984). Based on prior 
studies on fluoride neurotoxicity and environmental fluoride levels in 
drinking water (Zhang, 2021b; Zhao, 2020), we set the NaF dosages to 
25, 50, and 100 mg/L (corresponding to 11.3, 22.6, and 45.2 mg/L 
fluoride ions, respectively). The rats were administered fluoride via 
drinking water freely to practically simulate real human fluoride expo-
sure as far as possible. Each group contained 6 rats—2 males and 4 fe-
males. The rats were kept in cages and mated. After vaginal plug 
formation, the females were placed in individual cages separately. NaF 
was given to the pregnant female rats from pregnancy to 21 days post-
partum. The rat offspring received NaF through maternal breastfeeding 
during the lactation period of 21 days. After that, 6 offspring were sto-
chastically chosen from each group; the male-to-female ratio was 1:1. 
After the weaning period, the offspring received the identical treatments 
as the maternal rats until postnatal days (PND) 60. Two months later, 
the animals were euthanized within 8 h, and the hippocampus was 
promptly separated, wrapped in tinfoil, placed in autoclaved Eppendorf 
tubes, immersed in liquid nitrogen for 10 s, and then transferred to − 80 
℃ for storage. 

2.3. Cell culture and treatment 

The American Type Culture Collection (USA) provided SH-SY5Y 
cells. Cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with fetal bovine serum (FBS) (10 %), streptomycin (100 mg/ 
ML), and penicillin (100 U/ML) in a humidified environment (37 ℃, 5 % 
CO2). When the cell density reached 85 % in the culture vessel, 0, 20, 40, 
or 60 mg/L of NaF (corresponding to 9.04, 18.08, or 27.12 mg/L fluoride 
ions, respectively) was added and incubated for 24 h (the dosages in the 
current study were based on prior research (Zhang et al., 2021b; Zhao 
et al., 2020)). ML-SA1 powder was dissolved in dimethyl sulfoxide to 
produce a stock solution with a concentration of 20 mmol/L and then 
diluted to 10 μmol/L with medium before addition to the cells. The cells 
were treated with ML-SA1 for 1 h before being treated with 60 mg/L NaF 
for 24 h. In parallel, the cells were transfected with a control adenovirus 
(Ad-null) or a recombinant adenovirus plasmid expressing TFEB (mul-
tiplicity of infection (MOI) = 400). After 24 h of incubation with 
Ad-TFEB or Ad-null, 60 mg/L NaF was added to the cells for another 24 
h. 

2.4. Morris water maze (MWM) test 

The water was blackened by mixing it with non-toxic ink to keep the 
platform hidden in the MWM test. In the place navigation test (PNT), for 
the first four consecutive days, each offspring was allowed to find the 
hidden platform for a maximum of 60 s. If the rats reached the platform 
within 60 s, the escape latency was documented; if not, the rat’s escape 
latency was documented as 60 s. The escape latency, swimming route, 
distance, and speed were documented to assess the rat’s learning and 
memory capacities. In the space probe test (SPT), the rat was monitored 
while swimming freely for 60 s after removing the platform. The time 
spent in the target quadrant, the number of platform crossings, the 
distance covered in the target quadrant, and the swimming route were 

documented to assess the memory retention capacity of rats. 

2.5. Western blot 

The concentrations of proteins extracted from SH-SY5Y cells or 
hippocampi were measured using BCA protein assay kits. Proteins were 
resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and blotted onto polyvinylidene fluoride (PVDF) membranes. Next, the 
membranes were blocked with 5 % non-fat milk for at least 1 h, followed 
by incubation with primary antibodies for 16–18 h at 4 ℃ (TRPML1 
(1:2000), TFEB (1:1000), LC3 (1:1000), p62 (1:1000), Caspase1 
(1:1000), IL-1β (1:1000), LAMP2 (1:1000), CTSB (1:1000), NLRP3 
(1:1000), CTSD (1:1000), PARP (1:1000), GAPDH (1:1000), or PCNA 
(1:1000)). Subsequently, the membranes were incubated with second-
ary antibodies (1:20,000) for 2 h at room temperature. The protein 
bands were visualized using enhanced chemiluminescence (ECL) re-
agents and the band intensities were quantified using ImageJ software. 
The experiments were performed three times independently. 

2.6. Autophagic flux detection 

Autophagic flux was monitored using mRFP-GFP-LC3 adenoviral 
vectors. When the SH-SY5Y cells grew to 30–50 % in the 24-well plate, 
mRFP-GFP-LC3 adenovirus (MOI = 400) was added to infect the cells for 
16 h at 37 ℃, followed by another 24 h of culture with 0, 20, 40, or 60 
mg/L NaF. A fluorescence microscope (Japan) was used for analyzing 
the mRFP-GFP-LC3 distribution, and ImageJ software was used to 
quantify the distribution. 

2.7. Immunofluorescence 

SH-SY5Y cells were cultured in a 24-well plate. After the indicated 
treatments, the cells underwent fixation, permeabilization, and sealing 
processes. Next, the cells were incubated overnight with the TFEB 
(1:100) primary antibody at 4 ℃. Next, the cells were incubated with the 
FITC-conjugated goat anti-rabbit IgG secondary antibody (1:50) for 1 h. 
After being stained with DAPI, the fluorescence intensity of the cells was 
observed using a fluorescence microscope (Japan). Quantification was 
done using ImageJ. 

2.8. Lysosome detection 

Lyso-Tracker Red stock solution was diluted to 50 nM with medium 
at a ratio of 1:20,000 to detect lysosomes. When the SH-SY5Y cells grew 
to 70 % in the 48-well plate, 0, 20, 40, or 60 mg/L of NaF was added to 
the cells for 24 h at 37 ℃. Then, the cells were treated with diluted 
LysoTracker Red for 2 h. The fluorescence intensity of the cells was 
observed by using a fluorescence microscope (Japan). Experiments were 
performed three times independently. 

2.9. Ca2+ detection 

A Fluo-3 AM stock solution was diluted to 5 μM with medium 
(without FBS) to detect Ca2+. When the cells grew to 70 % in the 48-well 
plate, 0, 20, 40, or 60 mg/L of NaF were added to the cells for 24 h at 37 
℃. Then, the cells were cultured with diluted Fluo-3 AM for 1 h. The 
fluorescence intensity of the cells was observed by using a fluorescence 
microscope (Japan). Experiments were performed three times 
independently. 

2.10. Transmission electron microscopy (TEM) 

Three rat hippocampal samples were randomly chosen from each 
group to observe the ultrastructure. The samples were cut into 1 mm3 

blocks and fixed with 2.5 % precooled glutaraldehyde for 6 h at 4 ℃. 
Then, the blocks were dehydrated with ethanol and acetone, infiltrated 
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with a mixture of one-half propylene oxide and embedded in resin. Next, 
50 nm-thick sections were cut and stained with 4 % uranyl acetate for 
25 min and 0.5 % lead citrate for 10 min. The ultrastructure of the 
hippocampal region was observed under a TEM (Philips Tecnai10, 
Holland). 

2.11. Statistical analysis 

SPSS 26.0 software was used to analyze the data. All the data were 
expressed as the mean ± standard deviation (SD). One-way ANOVA, 
followed by the Tukey test, was used for multiple comparisons. P < 0.05 
was considered statistically significant. 

3. Results 

3.1. NaF exposure impairs learning and memory as well as memory 
retention capacities in offspring rats 

In the PNT, the swimming speed of offspring rats was observably 
diminished in the group treated with NaF on the second day (P < 0.05;  
Fig. 1 A). The escape latency of the group treated with NaF on the second 
day was observably longer (P < 0.05; Fig. 1B). The swimming distance in 
NaF treatment group was remarkably longer on the first day (P < 0.05; 
Fig. 1C). In the SPT, the platform crossing number of offspring rats was 
notably diminished after NaF exposure (P < 0.05; Fig. 1E). The time and 
distance of the target quadrants of the offspring rats treated with NaF 
also remarkably declined (P < 0.05; Fig. 1F-G). Fig. 1D, H, depicted the 
typical routes of PNT and SPT, respectively. The findings reveal that NaF 
impairs learning and memory as well as memory retention capacities in 
offspring rats. 

3.2. NaF exposure induces autophagic flux blockade 

To explore the influence of NaF on autophagic flux, we examined the 
related autophagic indexes by Western blot. Our data suggest that the 
LC3-II and p62 protein levels of NaF-treated rats were observably 
enhanced (P < 0.05; Fig. 2A-B). Similarly, in SH-SY5Y cells, the ten-
dency was noticed (P < 0.05; Fig. 2C-D). To further confirm the effect of 
NaF-induced autophagic flux, the mRFP-GFP-LC3 adenovirus was used 
to infect SH-SY5Y cells, which distinguish between autophagosomes and 
autolysosomes. These results suggest that the number of yellow (auto-
phagosomes) and green fluorescent protein (GFP) puncta was increased, 
and the number of red puncta (autolysosomes) was decreased after NaF 
treatment (P < 0.05; Fig. 2E-F). In short, these findings indicate that NaF 
leads to impairment of autophagic substrate degradation, causing 
autophagic flux blockade. 

3.3. NaF exposure induces apoptosis and pyroptosis 

To explore the influence of NaF on apoptosis and pyroptosis, we 
measured the relevant indicators by Western blot. Our findings 
demonstrated that the cleaved PARP protein level was dramatically 
elevated in NaF-treated rats (P < 0.05; Fig. 3A-B). In SH-SY5Y cells, the 
result was also concordant (P < 0.05; Fig. 3C-D). Furthermore, the 
NLRP3, Caspase1, and IL-1β protein levels were observably increased in 
rats after NaF treatment (P < 0.05; Fig. 3E-F). In SH-SY5Y cells, the 
tendency was consistent (P < 0.05; Fig. 3G-H). The results verify that 
NaF exposure causes apoptosis and pyroptosis in neuronal cells. 

3.4. NaF exposure leads to lysosomal number reduced and degradation 
capacity decreased 

To ascertain whether NaF can affect lysosomal biogenesis, we used 
TEM to observe the change in lysosomal number and Western blot to 
measure the lysosome-associated proteins. Our findings revealed that 
the lysosomal number was obviously diminished in the NaF-treated 

group (Fig. 4A). As indicated in Fig. 4B, C, in rats, the LAMP2, CTSB, 
and CTSD protein levels were dramatically decreased when treated with 
NaF (P < 0.05). Consistent with the results in SH-SY5Y cells, the LAMP2, 
CTSB, and CTSD protein levels were also observably diminished 
(P < 0.05; Fig. 4D-E). Our data reveal that NaF exposure leads to lyso-
somal biogenesis disorder, as evidenced by the reduction of the lyso-
somal number and degradation capacity. 

3.5. NaF impedes TRPML1/TFEB signaling pathway 

The TRPML1/TFEB signaling pathway is critical in regulating lyso-
somal biogenesis (Tan et al., 2022). Western blot detected to further 
investigate the association between NaF and lysosomal biogenesis, the 
expression of the TRPML1/TFEB signaling pathway. In rats treated with 
NaF, the TRPML1 and nuclear TFEB protein levels were all diminished 
(P < 0.05; Fig. 5A-B). Likewise, in SH-SY5Y cells, the tendency was 
noticed (P < 0.05; Fig. 5C-D). Since TRPML1 is a Ca2+ channel located 
on the lysosomal membrane, its Ca2+ release promotes TFEB nuclear 
translocation, thus promoting lysosomal biogenesis (Medina, 2021). We 
detected Ca2+, LysoTracker, and TFEB nuclear translocation in SH-SY5Y 
cells by Immunofluorescence assay. The findings indicated that the 
mean fluorescence intensity of Ca2+ and LysoTracker weakened after 
NaF treatment, which reflected the reduction of Ca2+ release and the 
lysosomal number (P < 0.05; Fig. 5E-F). Simultaneously, the TFEB nu-
clear translocation decreased after NaF treatment (P < 0.05; Fig. 5G-H). 
Furthermore, the TFEB total protein and TFEB cytoplasmic protein 
levels were also declined after NaF treatment (P < 0.05; Fig. S1). Our 
data demonstrate that NaF exposure inhibits TRPML1 expression and 
reduces Ca2+ release, thereby inhibiting TFEB nuclear translocation. 

3.6. TRPML1 activation and TFEB overexpression restore NaF-induced 
lysosomal biogenesis disorder and dysfunction 

After the intervention, we examined the relevant indicators to verify 
whether TRPML1 activation and TFEB overexpression can restore NaF- 
induced lysosomal biogenesis and dysfunction. As shown in Fig. 6A-D, 
ML-SA1 treatment enhanced the nuclear TFEB protein level in the 
combined treatment group in comparison to the NaF-treated group 
alone (P < 0.05), and a comparable tendency was also noticed when the 
Ad-TFEB and NaF were treated in combination (P < 0.05). In addition, 
LAMP2 and CTSB protein levels were significantly rasied with the 
combination of ML-SA1 and NaF in comparison to NaF alone treatment 
(P < 0.05; Fig. 6E-F). Similarly, Ad-TFEB also increased LAMP2 and 
CTSB protein levels after NaF treatment (P < 0.05; Fig. 6G-H). Our data 
reveal that TRPML1 activation and TFEB overexpression restore NaF- 
inhibited lysosomal biogenesis and degradation capacity. 

3.7. TRPML1 activation and TFEB overexpression alleviate NaF-induced 
autophagic flux blockade, apoptosis, and pyroptosis 

To demonstrate that TRPML1 activation and TFEB overexpression 
can alleviate NaF-induced autophagic flux blockade, apoptosis, and 
pyroptosis by recovering lysosomal biogenesis as well as degradation 
capacity, we detected the indicators of autophagy, apoptosis, and 
pyroptosis after the intervention. As depicted in Fig. 7A-B, the data 
revealed that ML-SA1 remarkably diminished the p62 protein level 
(P < 0.05) and observably rasied the LC3-II protein level in the group of 
combination treatments (P < 0.05). As indicated in Fig. 7C-D, Ad-TFEB 
observably reduced the LC3-II and p62 protein levels in the group of 
combination treatments in comparison to the NaF-treated group alone 
(P < 0.05). Subsequently, ML-SA1 and Ad-TFEB notably diminished the 
cleaved PARP and Caspase1 protein levels after NaF treatment 
(P < 0.05; Fig. 7E-H). Our findings show that TRPML1 activation and 
TFEB overexpression alleviate autophagic flux blockade, apoptosis, and 
pyroptosis induced by NaF. 
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Fig. 1. NaF exposure impairs learning and 
memory as well as memory retention capacities 
in offspring rats. (A) The mean swimming speed 
to the platform. (B) The mean escape latency to 
the platform. (C) The mean swimming distance to 
the platform. (D) Representative traces in the 
PNT. (E) The number of platform crossings. (F) 
Time spent in the target quadrant. (G) Distance 
spent in the target quadrant. (H) Representative 
traces in the SPT. The data are presented for six 
rats in each group. *P < 0.05 versus the control 
group.   
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4. Discussion 

This study demonstrated that lysosomal biogenesis disorder is a 
significant cause of developmental fluoride neurotoxicity. Noticeably, 
NaF inhibited Ca2+ release by reducing TRPML1 levels, thereby inhib-
iting TFEB nuclear translocation and lysosomal biogenesis, leading to 
decreased lysosomal degradation capacity and autophagic flux blockade 
and ultimately, developmental fluoride neurotoxicity. 

Fluoride has been implicated in several definitive studies as a 
developmental neurotoxicant (Choi et al., 2015; Jiang et al., 2014). 
Using a rat model of developmental neurotoxicity, we demonstrated that 
fluoride exposure during the vital fetal period of neurological develop-
ment impaired learning and memory as well as memory retention ca-
pacities in the offspring. The current findings are consistent with those 
reported by Chen et al. (Chen et al., 2018), who reported that excessive 
NaF exposure during pregnancy led to an increase in escape latency and 
swimming distance, but a decrease in the time and distance spent in the 

target quadrants by the rat offspring. Intriguingly, these results are in 
accordance with epidemiological investigations that have shown that 
children of women with high fluoride exposure during pregnancy have 
lower IQs and poorer memory and cognitive competence (Goodman 
et al., 2022; Green et al., 2019). Our results indicate that excessive NaF 
exposure weakens learning and memory as well as memory retention 
capacities in rat offspring, indicating that fluoride impairs neurological 
development; thus, the model of developmental fluoride neurotoxicity 
in rats was established successfully. 

Autophagy is a dynamic process, also referred to as autophagic flux, 
which degrades and recycles damaged organelles, misfolded and 
aggregated proteins, and pathogens in lysosomes. It is essential for the 
development of the nervous system and the maintenance of neuronal 
homeostasis (Filippone et al., 2022). In the current study, NaF exposure 
increased the levels of the LC3-II protein, which is located on the 
autophagosomal membrane and is essential for the formation of auto-
phagosomes (Zhou et al., 2022b). Thus, our findings indicate that NaF 

Fig. 2. NaF exposure induces autophagic flux 
blockade. (A) Representative western blot im-
ages for autophagy markers p62 and LC3-II in 
hippocampal tissues of adult rats. (B) Quanti-
tative analyses of the autophagy markers p62 
and LC3-II in hippocampal tissues of adult rats. 
(C) Representative western blot images for 
autophagy markers p62 and LC3-II in SH-SY5Y 
cells. (D) Quantitative analyses of the auto-
phagy markers p62 and LC3-II in SH-SY5Y cells. 
(E) SH-SY5Y cells were transfected by an mRFP- 
GFP-LC3 adenovirus and followed by NaF 
treatment. (F) Quantification of autophago-
somes, autolysosomes, and GFP in E. The data 
are presented as the means ± S.D. for three 
different experiments. The scale bar represents 
20 µm. *P < 0.05 versus the control group. 
**P < 0.01 versus the control group. 
***P < 0.001 versus the control group.   
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induced the accumulation of autophagosomes. Moreover, our data 
indicated that p62 levels were also increased. As p62 is a selective 
autophagic receptor, it associates with LC3 and degrades substrates in 
autolysosomes after autophagosome-lysosome fusion (Zhang et al., 
2021a). Hence, enhanced LC3-II and p62 expression is frequently 
indicative of impaired autophagic degradation. In the present study, in 
NaF-treated SH-SY5Y cells transfected with mRFP-GFP-LC3, the number 
of autophagosomes and GFP gradually increased, while the number of 
autophagolysosomes decreased. The increased GFP levels indicate 
impaired autophagosome-lysosome fusion. These findings indicate that 
NaF increased the number of autophagosomes and suppressed 
autophagosome-lysosome fusion, causing autophagic flux blockade. 
These findings are in accordance with those of Han et al. (Han et al., 
2022), who confirmed that NaF exposure inhibits autophagic degrada-
tion and results in autophagic flux blockade, which is probably the 

major reason for developmental fluoride neurotoxicity. 
Increasing evidence has revealed that autophagic flux blockade leads 

to apoptosis and pyroptosis (He et al., 2021; Tilija et al., 2022). 
Apoptosis is a form of programmed cell death. Our results offer 
compelling evidence in support of neuronal apoptosis induced by NaF, 
as evidenced by increased levels of cleaved PARP. Recent studies have 
confirmed that NaF exposure results in defective autophagy, causing 
apoptosis and inducing neurotoxicity, which is consistent with our 
findings (Niu et al., 2018). Pyroptosis is an inflammatory programmed 
cell death characterized by both apoptosis and necrosis. Substantial 
evidence links pyroptosis with neurodegenerative diseases (Jose et al., 
2022; Ma et al., 2022; Nong et al., 2022). In the present study, NaF 
exposure increased the levels of NLRP3, Caspase1, and IL-1β. NLRP3 is 
an inflammasome that activates Caspase1 and causes the release of the 
inflammatory factor IL-1β, leading to pyroptosis (Burdette et al., 2021). 

Fig. 3. NaF exposure induces apoptosis and 
pyroptosis. (A) Representative western blot 
images for apoptosis marker cleaved PARP in 
hippocampal tissues of adult rats. (B) Quanti-
tative analyses of the apoptosis marker cleaved 
PARP in hippocampal tissues of adult rats. (C) 
Representative western blot images for 
apoptosis marker cleaved PARP in SH-SY5Y 
cells. (D) Quantitative analyses of the 
apoptosis marker cleaved PARP in SH-SY5Y 
cells. (E) Representative western blot images 
for pyroptosis markers NLRP3, Caspase1, and 
IL-1β in hippocampal tissues of adult rats. (F) 
Quantitative analyses of the pyroptosis markers 
NLRP3, Caspase1, and IL-1β in hippocampal 
tissues of adult rats. (G) Representative western 
blot images for pyroptosis markers NLRP3, 
Caspase1, and IL-1β in SH-SY5Y cells. (H) 
Quantitative analyses of the pyroptosis markers 
NLRP3, Caspase1, and IL-1β in SH-SY5Y cells. 
The data are presented as the means ± S.D. for 
three different experiments. *P < 0.05 versus 
the control group. **P < 0.01 versus the control 
group. ***P < 0.001 versus the control group.   
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Thus, our data suggest that NaF induces neuronal pyroptosis. Further-
more, our results are consistent with those of a recent study showing that 
perfluorooctane sulfonic acid (PFOS) exposure activates NLRP3 
inflammasomes, resulting in gasdermin D cleavage and IL-1β release, 
initiating pyroptosis (Qin et al., 2022). In brief, the current data indicate 
that apoptosis and pyroptosis induced by NaF cause developmental 
neurotoxicity. 

Lysosomes are the terminal components of autophagic flux, which 
can degrade and recycle substances in autophagosomes, thus main-
taining normal cell function (Banerjee and Kane, 2020). Lysosomal 
biogenesis is essential for degrading and reusing excess substrates in 
cells. Notably, we found lysosomal biogenesis disorder after NaF expo-
sure, as evidenced by reduced lysosomal numbers as shown by TEM and 
decreased LAMP2, CTSD, and CTSB expression. Similar findings were 
reported by a recent study that NaF exposure caused lysosomal damage, 
leading to lysosomal dysfunction (Wang et al., 2022). LAMP2 is a prime 
protein constituent of the lysosomal membrane, which protects the 
lysosome from the action of hydrolase and maintains the structural 
integrity of the lysosomal membrane; it is a pivotal factor for lysosomal 
biogenesis (Eskelinen, 2006). CTSD and CTSB are acidic hydrolases 
located within lysosomes that are responsible for the degradation of 
various substrates. The loss of CTSB and CTSD can lead to lysosomal 
biogenesis disorders and lysosomal dysfunctions, which contribute to 
various neurological disorders (Drobny et al., 2022). Thus, the above 
studies indicate that NaF can cause lysosomal biogenesis disorder and 
reduce the lysosomal degradation capacity of neurons, thus promoting 

the progression of fluoride neurotoxicity. 
Lysosomal biogenesis and activity are regulated by numerous intra-

cellular and extracellular signals, and the TRPML1/TFEB signaling 
pathway is crucial for regulating lysosomal biogenesis (Abuammar 
et al., 2021). As a lysosomal Ca2+ release channel, TRPML1 activates 
calcineurin to translocate dephosphorylated TFEB to the nucleus. Spe-
cifically, it recognizes and binds to coordinated lysosomal expression 
and regulation (CLEAR) elements at the promoters of lysosomal 
biogenesis-related genes to regulate lysosomal biogenesis (Palmieri 
et al., 2011). The findings revealed that NaF treatment reduced 
TRPML1/TFEB expression and Ca2+ release, especially TFEB nuclear 
protein levels, indicating that NaF may inhibit lysosomal biogenesis by 
decreasing TRPML1/TFEB expression. To further explore the role of the 
TRPML1/TFEB signaling pathway in developmental neurotoxicity 
induced by NaF, we added ML-SA1 and Ad-TFEB to NaF-treated 
SH-SY5Y cells. Our data proved that the upregulation of 
TRPML1/TFEB increased the TFEB nuclear protein levels and effectively 
alleviated the NaF-induced decrease in LAMP2 and CTSB expression 
levels, enhanced lysosomal degradation capacity, and promoted lyso-
somal biogenesis. These findings were similar to those of Xia et al. (Xia 
et al., 2020), who identified that ML-SA1 suppresses arboviruses by 
accelerating lysosomal acidification and proteinase vitality, leading to 
viral degradation. Cinnamic acid can induce lysosomal biogenesis in 
primary mouse brain cells by increasing TFEB expression (Chandra 
et al., 2019). Moreover, alcohol leads to defective autophagy by inhib-
iting TFEB nuclear translocation, resulting in reduced lysosomal 

Fig. 4. NaF exposure leads to lysosomal num-
ber reduced and degradation capacity 
decreased. (A) Ultrastructural observation of rat 
hippocampal region (n = 3). The bold arrow 
indicates lysosomes. Three rats were randomly 
selected from each group for evaluation. The 
scale bar represents 1 µm. (B) Representative 
western blot images for lysosomal associated 
proteins LAMP2, CTSD, and CTSB in hippo-
campal tissues of adult rats. (C) Quantitative 
analyses of the lysosomal associated proteins 
LAMP2, CTSD, and CTSB in hippocampal tis-
sues of adult rats. (D) Representative western 
blot images for lysosomal associated proteins 
LAMP2, CTSD, and CTSB in SH-SY5Y cells. (E) 
Quantitative analyses of the lysosomal associ-
ated proteins LAMP2, CTSD, and CTSB in SH- 
SY5Y cells. The data are presented as the 
means ± S.D. for three different experiments. 
*P < 0.05 versus the control group. **P < 0.01 
versus the control group. ***P < 0.001 versus 
the control group.   
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Fig. 5. NaF impedes TRPML1/TFEB signaling 
pathway. (A) Representative western blot images for 
TRPML1 and nuclear TFEB in hippocampal tissues of 
adult rats. (B) Quantitative analyses of TRPML1 and 
nuclear TFEB in hippocampal tissues of adult rats. 
(C) Representative western blot images for TRPML1 
and nuclear TFEB in SH-SY5Y cells. (D) Quantitative 
analyses of TRPML1 and nuclear TFEB in SH-SY5Y 
cells. (E) Representative images of immunofluores-
cence staining for Ca2+ and LysoTracker red in SH- 
SY5Y cells. (F) Quantitative analyses of E. (G) 
Quantitative analyses of H. (H) Representative im-
ages of immunofluorescent staining (×400 magnifi-
cation) for TFEB and DAPI in SH-SY5Y cells. The 
data are presented as the means ± S.D. for three 
different experiments. The scale bar represents 
20 µm. *P < 0.05 versus the control group. 
**P < 0.01 versus the control group. ***P < 0.001 
versus the control group.   
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biosynthesis (Wang et al., 2020). Thus, our results further reveal a 
pivotal role for TRPML1/TFEB upregulation in promoting lysosomal 
biogenesis by enhancing the expression of the TFEB nuclear protein. 

Interestingly, our findings suggest that TRPML1/TFEB upregulation 
promotes lysosomal biogenesis while attenuating NaF-induced auto-
phagy flux blockade, thereby reducing apoptosis and pyroptosis. After 
the ML-SA1 intervention, we found that the expression of the autophagic 

degradation substrate p62 and pyroptosis-related Caspase1 was 
decreased, while levels of LC3-II and cleaved PARP, an apoptosis-related 
protein, were increased. These findings are similar to those reported by 
Yan et al. (Yan et al., 2021), who discovered that upregulation of 
TRPML1 restored autophagic flux, thereby reducing apoptosis. Activa-
tion of the adenosine monophosphate-activated protein kinase 
(AMPK)-TRPML1-calcineurin signaling pathway promotes transcription 

Fig. 6. TRPML1 activation and TFEB over-
expression restore NaF-induced lysosomal 
biogenesis disorder and dysfunction. (A) 
Representative western blot images for nuclear 
TFEB in SH-SY5Y cells after NaF combined with 
ML-SA1 treatment. (B) Quantitative analyses of 
nuclear TFEB in SH-SY5Y cells. (C) Represen-
tative western blot images for nuclear TFEB in 
SH-SY5Y cells after NaF combined with Ad- 
TFEB infection. (D) Quantitative analyses of 
nuclear TFEB in SH-SY5Y cells. (E) Represen-
tative western blot images for LAMP2 and CTSB 
in SH-SY5Y cells after NaF combined with ML- 
SA1 treatment. (F) Quantitative analyses of 
LAMP2 and CTSB in SH-SY5Y cells. (G) Repre-
sentative western blot images for LAMP2 and 
CTSB in SH-SY5Y cells after NaF combined with 
Ad-TFEB infection. (H) Quantitative analyses of 
LAMP2 and CTSB in SH-SY5Y cells. The data 
are presented as the means ± S.D. for three 
different experiments. *P < 0.05 versus the 
control group. **P < 0.01 versus the control 
group. ***P < 0.001 versus the control group. 
@P < 0.05 versus the NaF treatment group. 
#P < 0.05 versus the Ad-null infection. 
&P < 0.05 versus the combination of Ad-null 
infection and NaF treatment group.   
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Fig. 7. TRPML1 activation and TFEB over-
expression alleviate NaF-induced autophagic 
flux blockade, apoptosis, and pyroptosis. (A) 
Representative western blot images for p62 
and LC3-II in SH-SY5Y cells after NaF com-
bined with ML-SA1 treatment. (B) Quantita-
tive analyses of p62 and LC3-II in SH-SY5Y 
cells. (C) Representative western blot images 
for p62 and LC3-II in SH-SY5Y cells after NaF 
combined with Ad-TFEB infection. (D) 
Quantitative analyses of p62 and LC3-II in 
SH-SY5Y cells. (E) Representative western 
blot images for cleaved PARP and Caspase1 
in SH-SY5Y cells after NaF combined with 
ML-SA1 treatment. (F) Quantitative analyses 
of cleaved PARP and Caspase1 in SH-SY5Y 
cells. (G) Representative western blot im-
ages for cleaved PARP and Caspase1 in SH- 
SY5Y cells after NaF combined with Ad- 
TFEB infection. (H) Quantitative analyses of 
cleaved PARP and Caspase1 in SH-SY5Y cells. 
The data are presented as the means ± S.D. 
for three different experiments. *P < 0.05 
versus the control group. ***P < 0.001 versus 
the control group. @P < 0.05 versus the NaF 
treatment group. #P < 0.05 versus the Ad- 
null infection. &P < 0.05 versus the combi-
nation of Ad-null infection and NaF treatment 
group. &&P < 0.01 versus the combination of 
Ad-null infection and NaF treatment group.   
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factor E3 (TFE3) nuclear translocation, thereby alleviating autophagic 
flux blockade, thereby attenuating pyroptosis and necrosis (Xu et al., 
2021). Similarly, apigenin promotes TFEB nuclear translocation, alle-
viates lysosomal dysfunction, restores autophagic flux, and suppresses 
tert-butyl hydroperoxide (TBHP)-induced apoptosis of nucleus pulposus 
cells (Xie et al., 2021). Liraglutide can activate the 
AMPK-TRPML1-calcineurin signaling pathway, promote TFEB entry 
into the nucleus and the transcription of autophagy-related proteins, 
maintain autophagic flux, and reduce pyroptosis (Zhu et al., 2021). 
These are analogous to our findings. Of note, our results revealed that 
after Ad-TFEB treatment, the levels of p62, cleaved PARP, Caspase1, and 
LC3-II were reduced. Since LC3-II is degraded by hydrolases in lyso-
somes during autophagy (Tanida et al., 2005), if the degradation rate of 
LC3-II is greater than the formation rate of the autophagosomes, the 
levels of LC3-II will decrease. Hence, it is possible that Ad-TFEB pro-
motes lysosomal biogenesis and restores lysosomal degradation capac-
ity, thus increasing the rate of lysosomal degradation of LC3-II, which 
leads to a decline in LC3-II levels. Moreover, as LC3-II levels are variable 
in different cells, if the background level of autophagy is high in some 
cells, the LC3-II formed during autophagy activation is rapidly 
degraded, which can also reduce LC3-II levels. Thus, our findings sug-
gest that TRPML1/TFEB upregulation alleviates autophagic flux 
blockade induced by NaF, thereby reducing apoptosis and pyroptosis. 

5. Conclusion 

In summary, we demonstrate that NaF exposure results in lysosomal 
biogenesis disorder through the inhibition of the TRPML1/TFEB 
signaling pathway, which leads to autophagic flux blockade, apoptosis, 
and pyroptosis. Conversely, upregulating TRPML1/TFEB promotes 
lysosomal biogenesis, enhances lysosomal degradation, maintains 
autophagic flux, reduces neuronal apoptosis and pyroptosis, and atten-
uates developmental fluoride neurotoxicity. Our results provide a new 
therapeutic target for reducing developmental fluoride neurotoxicity. 
The detailed molecular mechanism of how TRPML1/TFEB signaling 
promotes lysosomal biogenesis provides a theoretical foundation for the 
prevention and control of developmental fluoride neurotoxicity. 
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