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A B S T R A C T   

Fluoride is capable of inducing developmental neurotoxicity, yet its mechanisms remain elusive. We aimed to 
explore the possible role and mechanism of autophagic flux blockage caused by abnormal lysosomal pH in 
fluoride-induced developmental neurotoxicity, focusing on the role of V-ATPase in regulating the neuronal 
lysosomal pH. Using Sprague-Dawley rats exposed to sodium fluoride (NaF) from gestation through delivery until 
the neonatal offspring reached six months of age as an in vivo model. The results showed that NaF impaired the 
cognitive abilities of the offspring rats. In addition, NaF reduced V-ATPase expression, diminished lysosomal 
degradation capacity and blocked autophagic flux, and increased apoptosis in the hippocampus of offspring. 
Consistently, these results were validated in SH-SY5Y cells incubated with NaF. Moreover, NaF increased the SH- 
SY5Y lysosomal pH. Mechanistically, V-ATPase B2 overexpression and ATP effectively restored V-ATPase 
expression, reducing NaF-induced lysosomal alkalinization while increasing lysosomal degradation capacity. 
Notably, those above pharmacological and molecular interventions diminished NaF-induced apoptosis by 
restoring autophagic flux. Collectively, the present findings suggested that NaF impairs the lysosomal pH raised 
by V-ATPase. This leads to reduced lysosomal degradation capacity and triggers autophagic flux blockage and 
apoptosis, thus contributing to neuronal death. Therefore, V-ATPase might be a promising indicator of devel-
opmental fluoride neurotoxicity.   

1. Introduction 

Fluoride is widespread and unevenly distributed in the environment, 
and it can be rapidly absorbed into the body via water, food, and air 
(Johnston and Strobel, 2020). Fluoride consumption at the prescribed 
level is essential for human health, whereas excessive fluoride exposure 
is harmful to health. Groundwater, minerals, soil, household chemical 
products such as varnishes, gels, mouthwashes, and toothpaste are 

significant sources of fluoride exposure. Others include industrial 
emissions and pesticide residues. (Lacson et al., 2020; Wang et al., 
2019). Indeed, fluoride exposure in drinking water is the leading cause 
of fluorosis, threatening both skeletal and non-skeletal organs such as 
the liver, kidney, testes, thyroid, and brain (Johnston and Strobel, 2020; 
Yadav et al., 2018). The neurological system is the primary target of 
fluoride damage in humans (Dec et al., 2017). Neurotoxicants cause 
more damage to the developing brain than adult brain (Dobbing, 1971). 
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Fluorine can penetrate both the placental barrier and the blood-brain 
barrier (BBB) and enter the fetal brain (Atlanta. Agency for Toxic Sub-
stances and Disease Registry ATSDR, 2003). Noteworthy, infants and 
children retain more absorbed fluoride than adults (O’Mullane et al., 
2016; Avvannavar, 2007). Prolonged exposure leads to fluoride accu-
mulation in the brain, and consequent nervous system damage (Su et al., 
2021). Epidemiological cross-sectional and prospective studies have 
found that fluoride exposure can negatively impact children (Valdez 
et al., 2017; Yu et al., 2018). In in vivo trials, embryonic and lactational 
exposure to fluoride alters the neurological functions of rats, resulting in 
decreased learning and memory capacity (Xin et al., 2021; Cao et al., 
2019). In vitro studies have also documented biochemical changes 
induced by fluoride in brain cells, such as lipid peroxidation and in-
flammatory responses (Gao et al., 2008; Goschorska et al., 2018). 
Despite emerging evidence that fluoride exposure causes neurological 
development damage, the detailed mechanism underlying 
fluoride-induced developmental neurotoxicity is still largely unclear. 

Due to their nonrenewable nature, neurons are unable to mitigate the 
load of harmful substances accumulated in the cells. Therefore, auto-
phagy plays a dominant role in sustaining neuronal homeostasis by 
rapidly removing such substances (Shaikh et al., 2021). Autophagy is 
classified based on the pathways of degradation substrates into autoly-
sosomes as macroautophagy, microautophagy, and chaperone-mediated 
autophagy (Mizushima and Levine, 2020). Macroautophagy, commonly 
referred to as autophagy, is a key intracellular degradation process. 
(Jimenez-Moreno and Lane, 2020). The dynamic process of autophagy is 
known as autophagic flux and involves several basic steps: autophago-
some biogenesis and maturation, fusion of autophagosomes with lyso-
somes, and degradation of autophagic substrates within lysosome (Nie 
et al., 2021). Autophagic flux blockage results in the accumulation of 
pathogenic and misfolded proteins, as well as damaged organelles, 
resulting in neuronal damage that underlies various neurological dis-
orders (Blumenreich et al., 2020). Fluoride triggers defective autophagy 
and causes excessive apoptosis in human neuroblastoma SH-SY5Y cells, 
thus resulting in neurotoxicity (Zhou et al., 2019). We previously found 
that sodium fluoride (NaF) causes autophagic flux blockage, apoptosis, 
and reduced viability in SH-SY5Y cells and the Sprague-Dawley (SD) rat 
hippocampus (Niu et al., 2018). Chloroquine (inhibitor of autophagic 
degradation) exacerbated, whereas rapamycin (autophagy agonist) 
attenuated the reduced viability of SH-SY5Y cells caused by NaF (Niu 
et al., 2018). Although autophagic flux blockage is associated with 
fluoride-induced developmental neurotoxicity, the underlying mecha-
nisms remain unknown. 

Lysosomes are important subcellular organelles that receive and 
degrade macromolecules through endocytosis and autophagy (Zhang 
et al., 2021). The degraded products are transported out of lysosomes via 
membrane trafficking for reuse or energy production (Rudnik and 
Damme, 2021). Lysosomal degradation capacity is mainly dependent on 
more than 60 active hydrolases in their lumen, which catalyze the hy-
drolysis process to breakdown biomolecules (Trivedi et al., 2020). An 
acidic environment (pH 4.5–5.0) within the lysosomal lumen is vital for 
lysosomal degradation capacity by keeping the optimal environment for 
soluble hydrolases (Yamamoto et al., 2021). Ion channels and proton 
pumps are paramount in sustaining an acidic environment during 
lysosomal acidification. Vacuolar adenosine triphosphatase (V-ATPase) 
is a pH-sensitive multisubunit proton transporter that establishes and 
maintains an acidic environment within the lysosome by using the en-
ergy of ATP hydrolysis to pump H+ into the lysosome (Liu et al., 2021). 
Changes in V-ATPase expression and activity and abnormal lysosomal 
pH are associated with various neurodegenerative diseases, such as 
Alzheimer’s and Parkinson’s diseases (Colacurcio and Nixon, 2016). 
However, the involvement of abnormal lysosomal pH in neurological 
damage induced by fluoride and the role and mechanism of V-ATPase in 
regulating lysosomal pH has not been clarified. 

Therefore, we aimed to determine the role and mechanism of the 
lysosomal pH abnormalities that cause autophagic flux blockage in 

developmental fluoride neurotoxicity, particularly focusing on the 
involvement of V-ATPase in regulating lysosomal pH in neurons. Rats 
were given fluoridated drinking water ad libitum from the time of 
gestation, through delivery until the neonatal offspring reached the age 
of six months (simulating human exposure during a critical period of 
neurological development), and an in vitro model of NaF-treated SH- 
SY5Y cells, a cell line widely used to study developmental neurotoxicity. 
We explored the targets and molecular mechanism of fluoride-induced 
developmental neurotoxicity from the perspective of abnormal lyso-
somal pH leading to autophagic flux blockage. We also aimed to provide 
theoretical and scientific foundations for the prevention and treatment 
of fluorosis. 

2. Materials and methods 

2.1. Chemical reagents 

NaF was obtained from Sigma (USA). Bafilomycin A1 (BaF) was 
obtained from Selleckchem (USA). ATP was purchased from Shanghai 
Acmec Biochemical Co., Ltd. (China). Dulbecco’s modified eagle’s me-
dium was obtained from Gibco (USA). Fetal bovine serum was pur-
chased from Biological Industries (USA). BCA assay kit and RIPA lysis 
buffer were obtained from Beyotime Biotechnology Ltd. (China). V- 
ATPase B2 antibodies were provided by Santa Cruz Biotechnologies 
(USA). Cathepsin D, LC3, p62, PARP, and GAPDH antibodies were ob-
tained from Proteintech (USA). β-actin antibody was provided by Boster 
Co., Ltd. (China). LysoSensor™ Yellow/Blue DND-160 (PDMPO) was 
purchased from Yeasen Ltd. (China), DQ™-Green-BSA was purchased 
from Thermo Fisher (USA), and Annexin V-FITC/PI apoptosis detection 
kit was purchased from MultiSciences Biotech Co. (China), Cathepsin D 
activity detection kit was purchased from Jianglai Biological Technol-
ogy Co., Ltd. (China), mRFP-GFP-LC3 adenoviral vectors were provided 
by Hanbio Biotechnology Co., Ltd. (China), and recombinant adenovirus 
plasmid expressing V-ATPase B2 was provided by WZ Biosciences Inc. 
(China). 

2.2. Experiment model and treatments 

Adult SD rats (180–250 g) were purchased from the Experimental 
Animal Center of Xinjiang Medical University, license number: SCXK 
(Xinjiang) 2018–0003. Rats were housed in a room with constant tem-
perature (20–25 ℃) and humidity (50%− 60%) under a 12 h light/dark 
cycle. Experiments described in this study were approved by the Animal 
Research Ethics Committee of the School of Medicine, Shihezi Univer-
sity. After acclimation, rats were randomly divided into four groups: one 
control group (tap water, containing less than 1.0 mg/L fluorine) and 
three NaF-treated groups (NaF was received at 25, 50, or 100 mg/L in 
drinking water, and the corresponding fluorine content is 11.3, 22.6, or 
45.2 mg/L, respectively). Furthermore, according to the conversion of 
animal doses to human equivalent doses based on body surface area, 
fluoride concentrations in drinking water for rats need to be five times 
higher than humans to achieve the same final concentration (Program, 
2016). Therefore, the dosages of NaF chosen for this study are reason-
able, and the environmental relevance of these dosages has also been 
discussed in our previous study (Niu et al., 2018; Zhao et al., 2020). The 
male and female rats were then caged and mated (n = 15 per group, the 
ratio of males to females was 2:1), and vaginal suppositories were 
checked every morning to determine pregnancy. Pregnant female rats 
were placed in individual cages and continuously exposed to NaF by 
drinking water throughout the gestation and subsequent lactation. The 
offspring were weaned on postnatal day (PND) 21, and continually 
exposed to NaF by drinking water at the same concentration as the 
parental rats. On PND 180, the offspring were randomly selected from 
each group (the ratio of females to males was 1:1) for the Morris water 
maze (MWM) test. Then, the rats were sacrificed after overnight fasting. 
Hippocampal samples were collected immediately at 4 ℃. From each 
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group, three samples were embedded in paraffin, and the others were 
kept at －80 ℃ for further biochemical analysis. 

2.3. MWM test 

The MWM (XR-XM101, China) instrument consists of a circular pool 
(1.8 m diameter and 0.5 m height), a platform (black cylinder, 8 cm 
diameter and 30 cm height) underwater placed at a fixed position in the 
target quadrant, and a camera above the center of the pool to capture 
images of swimming rats and connected to the tracking system. The pool 
was filled with water (temperature was kept at 24 ± 1 ℃) until it ex-
ceeds the platform by 2 cm and mixed with non-toxic black ink to make 
the water black to hide the platform. 

The MWM test consists of a positioning and navigation test (PNT) 
and a space detection test (SPT). In the PNT, rats faced the wall and 
gently placed into the pool and were allowed to swim freely. If the 
platform was found within 60 s, the time was recorded as the escape 
latency and the rat was allowed to stand on the platform for 10 s. If not, 
the rat was allowed to stand on the platform for 15 s, and the escape 
latency of rat was recorded as 60 s. Every rat was placed once in each 
quadrant per day for 4 consecutive days. The following results were 
recorded: escape latency, swimming speed, swimming distance and 
swimming route. In the SPT, the platform was removed, and the rat was 
forced to swim for 60 s in the pool freely. The following results were 
recorded: the frequency of platform crossing, the duration spent in the 
target quadrant, the swimming distance, and the swimming route. 

2.4. Nissl staining 

Paraffin-embedded samples were sliced into 4 µm-thick sections, 
separated in xylene, dehydrated in gradient ethanol (95%, 85%, and 
70%) for 5 min, stained with 1% cresyl violet stain for 40 min, and 
washed 3 times with distilled water. Then, the sections were infiltrated 
in 95% alcohol for 5 min, washed with xylene and covered with neutral 
gel, and finally observed with a microscope (Japan). 

2.5. Cell culture and treatment 

Human neuroblastoma SH-SY5Y cells were obtained from American 
Type Culture Collection (USA), cultured in DMEM supplemented with 
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 g/ml 
streptomycin, and incubated in an incubator with a humidified atmo-
sphere containing 5% CO2 in air at 37 ℃. When cells grew to 80% 
confluence in the culture dish or plate, the cells were treated with NaF 
(20, 40, or 60 mg/L) for 24 h (the dosages in the present experiment 
were based on our previous study (Niu et al., 2018)). In addition, the BaF 
(100 nmo/L) or ATP (1 μmol/L) was pretreated with cells for 1 h, 
respectively, followed by treatment with NaF (60 mg/L) for another 24 
h. Meanwhile, the cells were transduced with recombinant adenovirus 
plasmid expressing V-ATPase B2 (MOI = 200) or adenoviruses control 
(Ad-null). After being infected with Ad-V-ATPase B2 or Ad-null for 24 h, 
SH-SY5Y cells were treated with NaF (60 mg/L) for another 24 h. 

2.6. Measurement of lysosomal pH 

The LysoSensor™ Yellow/Blue DND-160 Kit (Yeasen) was used ac-
cording to the manufacturer’s protocol. Briefly, cells were seeded on 
coverslips in a 24-well plate and treated with NaF for 24 h, and loaded 
with 4 μmol/L LysoSensor Yellow/Blue DND-160 of DMEM for 15–30 
min at 37 ℃. Then, the cells were washed 3 times with PBS buffer and 
immediately observed by fluorescence microscopy (Japan). At least 3 
biologically independent experiments were conducted. 

2.7. Detection of lysosomal degradation capacity 

The DQ™-Green-BSA Kit (Thermo Fisher) was used according to the 

manufacturer’s protocol. Briefly, cells were seeded on coverslips in a 24- 
well plate and treated with NaF for 24 h, then incubated with DQ™- 
Green-BSA working solution (15 µg/ml) for 4 h, and given the desig-
nated treatment. After washing with PBS buffer 3 times, the cells were 
immediately observed by fluorescence microscopy (Japan). Fluores-
cence intensity of DQ™-Green-BSA was quantified with Image J soft-
ware (Image J. NIH), lysosomal degradation expressed as the relative 
value of fluorescence intensity. At least 3 biologically independent ex-
periments were conducted. 

2.8. Cathepsins D (Cath-D) activity assay 

The Cath-D activity was measured using commercially available kits 
(Yeasen). The homogenized hippocampal tissue and the treated cells 
were centrifuged for 15 min at 4 ℃, then the supernatant was collected, 
respectively. Then, 10 μL of preprocessed sample and 40 μL of sample 
dilution were added to the wells in an enzyme-linked immunosorbent 
assay plate, and 100 μL of enzyme reagent was added to each well. The 
plate was sealed with a porous sealing film and incubated at 37 ℃ for 60 
min. The plate was washed 5 times with washing buffer. Incubated with 
50 μL chromogenic agent A, mixed and avoided light for 15 min at 37 ℃. 
Finally, 50 μL of stopping solution was added to stop the reaction (blue 
turns yellow at this time). Measured optical density of samples at 450 
nm (OD 450 nm) using a microplate reader (USA). Sample Cath-D ac-
tivity was calculated from a standard curve. At least 3 biologically in-
dependent experiments were conducted. 

2.9. Western blot analysis 

Cells or hippocampus were lysed in RIPA buffer supplemented with 
1% protease inhibitor. Total protein was measured, SDS–PAGE (sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis) was used to sepa-
rate the proteins, and the proteins were transferred to polyvinylidene 
fluoride (PVDF) membranes. Then, the PVDF membranes were incu-
bated with 5% skim milk for 2 h at room temperature, and incubated 
with primary antibodies for 14–16 h at 4 ℃ (LC3 (1:500), p62 (1:1000), 
PARP (1:1000), V-ATPase B2 (1:1000), Cath-D (1:1000)). The mem-
branes were washed 3 times and at room temperature incubated with 
secondary antibodies (1:40000) for 2 h. After washing 3 times, the 
membranes were observed by enhanced chemiluminescence (ECL) so-
lution, which the intensity of the bands was quantified with Image J 
software (Image J. NIH). The density of each band was normalized to its 
respective control (β-actin or GAPDH). At least 3 biologically indepen-
dent experiments were conducted. 

2.10. Detection of autophagic flux 

The mRFP-GFP-LC3 adenoviral vectors was used to monitor auto-
phagic flux. SH-SY5Y cells infected with mRFP-GFP-LC3 adenovirus 
(MOI = 400) for 12 h at 37 ℃, then cultured with NaF (20, 40, or 60 mg/ 
L) for another 24 h. The mRFP-GFP-LC3 distribution in SH-SY5Y cells 
were analyzed by fluorescence microscope (Japan) and quantified using 
Image J software. At least 3 biologically independent experiments were 
conducted. 

2.11. Flux cytometry 

Cells in culture dishes were washed 2 times with pre-chilled PBS 
buffer, cultured cells were digested with EDTA-free trypsin and collected 
by centrifugation. Cells were washed 2 times with pre-chilled PBS buffer 
and incubated with binding buffer. Then, 5 μL annexin V-FITC (Fluo-
resceine isothiocyanate) was added, mixed well, covered with 
aluminum foil to protect it from light, and reacted for 5 min. Then, 10 μL 
PI (propidium iodide) was added, kept away from light, and reacted for 
5 min. Then, the cells were examined by a flux cytometry system (USA). 
At least 3 biologically independent experiments were conducted. 
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2.12. Statistical analysis 

The data are presented as the mean ± standard deviation (SD) from 
independent experiments and were analyzed using SPSS 20.0. The data 
of the MWM test were analyzed by repeated-measures analysis of vari-
ance, and the other data were compared using one-way analysis of 
variance (ANOVA) followed by the Tukey test. Statistical significance 
was defined as P < 0.05. 

3. Results 

3.1. NaF impaired learning and memory in rat offspring 

MWM was used to assess the effects of NaF on the learning and 
memory ability of rats. With respect to PNT of MWM, the swimming 
speed of the 100 mg/L NaF-treated group on the first day was signifi-
cantly lower than that of the control group (P < 0.05; Fig. S1A), the 
average escape latency and swimming distance of offspring rats exposed 
to 100 mg/L NaF were significantly longer than those of the control 
group each day (P < 0.05; Fig. S1B-C). For the SPT of the MWM, the 
frequency of platform crossings, the target time ratio, and the target 
distance ratio of 50 and 100 mg/L NaF-treated offspring rats were 
significantly lower than those of the control group, respectively (P <
0.05; Fig. S1E-G). Fig. S1D and S1H show typical routes in the PNT and 
SPT, respectively. These results suggest that NaF induces impairment in 
learning as well as spatial exploration ability in rat offspring. 

3.2. NaF induces excessive apoptosis in vitro and in vivo 

To estimate the damaging effects of NaF on neuronal cells, we used 
Nissl staining and Western blot to detect the related apoptosis indexes. 
Our results showed that the protein expression levels of cleaved PARP in 
NaF-treated groups were dramatically increased compared with those in 
the control group (P < 0.05; Fig. 1A-B). Additionally, Nissl bodies 
vacuolized and decreased in the 25, 50, and 100 mg/L NaF-treated 
groups compared with the control group (Fig. 1C). In vitro, NaF 
dramatically increased the protein levels of cleaved PARP compared 
with the control group (P < 0.05; Fig. 1D-E). These results suggest that 
NaF causes excessive apoptosis of neuronal cells as well as damage to 
Nissl bodies. 

3.3. Exposure to NaF induces autophagic flux blockage in vitro and in 
vivo 

We explored the role of NaF on autophagic flux by measuring the 
indicators of autophagy, protein 1 A/1B-light chain 3 (LC3-II) and 
sequestosome 1 (p62) using western blot. Our results showed that NaF 
dose-dependently increased the protein levels of LC3-II and p62 in rat 
hippocampus and SH-SY5Y cells, compared with the control group 
(P < 0.05; Fig. 2A-D). To further validate the effects on autophagic flux 
induced by NaF, SH-SY5Y cells were infected with mRFP-GFP-LC3 
adenovirus, which allows for discriminate autophagosomes (yellow 
puncta in merged image) and autolysosomes (red puncta in merged 
image). Our data showed that NaF increased the number of yellow 
puncta and decreased the number of red puncta, compared with the 
control group (P < 0.05), yet the number of green puncta also gradually 
increased (P < 0.05; Fig. 2E-F). Altogether, these results suggest that 
NaF causes an increase in autophagosomes as well as abnormal degra-
dation of autophagic substrates leading to autophagic flux blockage. 

3.4. NaF impairs lysosomal degradation capacity in vitro and inhibits 
Cath-D activity in vitro and in vivo 

We used Cath-D activity kits and DQ-Green-BSA to respectively 

verify whether NaF inhibits Cath-D activity and lysosomal degradation 
capacity. The activities of Cath-D in the hippocampus were significantly 
decreased as the NaF concentration increased compared with the con-
trols (P < 0.05; Fig. 3A). Sodium fluoride significantly and dose- 
dependently decreased Cath-D activity in SH-SY5Y, compared with 
control cells in vitro (P < 0.05; Fig. 3B). Moreover, lysosomal degrada-
tion capacity was inhibited in cells treated with NaF (P < 0.05; Fig. 3C- 
D). 

3.5. NaF increases lysosomal pH in vitro 

LysoSensor™ Yellow/Blue DND-160 was used to monitor alterations 
in lysosomal pH caused by NaF in SH-SY5Y cells. The pH increased along 
with enhanced blue fluorescence, particularly in 40 and 60 mg/L NaF- 
treated group (Fig. 4A). These results suggest that NaF exposure 
elevated lysosomal pH in SH-SY5Y cells. 

3.6. NaF inhibited V-ATPase B2 expression in vitro and in vivo 

To verify the impairment of V-ATPase by NaF, we used Western blot 
to test related indicators. In vivo, our results revealed that the expression 
of V-ATPase B2 was decreased in the 25, 50, and 100 mg/L NaF-treated 
groups, compared with the control group (P < 0.05; Fig. 4B-C). In vitro, 
compared with the control group, NaF inhibited the expression of V- 
ATPase B2 (P < 0.05; Fig. 4D-E), These results suggest that NaF expo-
sure impairs the function of V-ATPase. 

3.7. V-ATPase B2 overexpression restored lysosomal pH and degradation 
capacity inhibited by NaF in vitro 

To verify whether the NaF-induced increase in lysosomal pH could 
be alleviated by Ad-V-ATPase B2, we tested the relevant indicators after 
intervention. As shown in Fig. S2A-C, Ad-V-ATPase B2 and ATP both 
significantly increased the protein levels of V-ATPase B2 and Cath-D in 
the cotreatment group (Ad-V-ATPase B2 + 60 mg/L NaF group, or ATP 
+ 60 mg/L NaF group) compared with the 60 mg/L NaF-treated group 
(P < 0.05). Subsequently, we utilized BaF, a specific inhibitor of V- 
ATPase, to alkalize lysosomes. Both BaF and NaF inhibited the activity of 
Cath-D, and the combined effect of NaF and BaF cotreatment group was 
more pronounced than NaF alone (P < 0.05). Additionally, the activity 
of Cath-D inhibited by NaF was restored by Ad-V-ATPase B2 and ATP in 
the cotreatment group compared with the 60 mg/L NaF-treated group 
(P < 0.05; Fig. 5A). The lysosomal pH of NaF-treated cells was reversed 
by Ad-V-ATPase B2 compared with the 60 mg/L NaF-treated group 
(Fig. 5C). Furthermore, NaF-induced lysosomal degradation capacity 
damage (decreased green fluorescence) was recovered by Ad-V-ATPase 
B2 (Fig. 5B and 5D). These results suggest that V-ATPase B2 over-
expression restores lysosomal pH and lysosomal degradation inhibited 
by NaF. 

3.8. V-ATPase B2 overexpression alleviated autophagic flux blockage and 
apoptosis induced by NaF in vitro 

To verify that Ad-V-ATPase can alleviate NaF-induced excessive 
apoptosis and autophagic flux blockage by restoring lysosomal pH and 
degradation capacity, we analyzed autophagy-related proteins（LC3-II 
and p62）and apoptosis rate after the intervention. As shown in Fig. 6A- 
C, we assessed the protein levels of p62 and LC3-II. NaF-induced 
increased protein levels were significantly reduced by Ad-V-ATPase B2 
and ATP compared with the 60 mg/L NaF-treated group, respectively 
(P < 0.05). BaF increased the protein levels of p62 and LC3-II compared 
with the control group (P < 0.05). The BaF and NaF cotreatment group 
had increased protein levels of p62 and LC3-II compared with the 
60 mg/L NaF-treated group (P < 0.05). Subsequently, our results 
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Fig. 1. NaF exposure induces excessive apoptosis in vitro and in vivo. (A) The protein expression level of Cleaved PARP in rat hippocampus. (B) Quantitative analysis 
for protein expression of Cleaved PARP in rat hippocampus. (C) The Nissl staining in rat hippocampus. The black arrow points to cavitation. (D) The protein 
expression level of Cleaved PARP in SH-SY5Y cells. (E) Quantitative analysis for protein expression of Cleaved PARP in SH-SY5Y cells. All experiments were per-
formed independently and repeated three times. The data were presented as the means ± SD. * P < 0.05 compared with the control group. 
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Fig. 2. NaF exposure induces autophagic flux blockage in vitro and in vivo. (A) The protein expression level of p62, and LC3-II in rat hippocampus. (B) Quantitative 
analysis of p62, and LC3-II in rat hippocampus. (C) The protein expression level of p62 and LC3-II in SH-SY5Y cells. (D) Quantitative analysis of p62 and LC3-II in SH- 
SY5Y cells. (E) SH-SY5Y cells were transfected by a mRFP-GFP-LC3 adenovirus and followed by NaF treatment (F) Quantification of autophagosomes, autolysosomes 
and GFP in E. All experiments were performed independently and repeated three times. The data were presented as the means ± SD. * P < 0.05 compared with the 
control group. 
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Fig. 3. NaF exposure impairs lysosomal degradation capacity 
in vitro and inhibits the activity of Cath-D in vitro and in vivo. 
(A) The activity of Cath-D in rat hippocampus. (B) The activity 
of Cath-D in SH-SY5Y cells. (C) DQ-Green BSA assay of lyso-
somal degradation capacity in SH-SY5Y cells. (D) The fluo-
rescence intensity of DQ™-Green-BSA was quantified with 
Image J software. All experiments were performed indepen-
dently and repeated three times. The data were presented as 
the means ± SD. * P < 0.05 compared with the control group.   

X. Han et al.                                                                                                                                                                                                                                     



Ecotoxicology and Environmental Safety 236 (2022) 113500

8

Fig. 4. NaF exposure raises lysosomal 
pH in vitro and inhibits the expression of 
V-ATPase B2 and the activity of V- 
ATPase in vitro and in vivo. (A) Lyso-
somal pH measurement in SH-SY5Y 
cells. (B) The protein expression level 
V-ATPase B2 in rat hippocampus. (C) 
Quantitative analysis of V-ATPase B2 in 
rat hippocampus. (D) The protein 
expression level of V-ATPase B2 in SH- 
SY5Y cells. (E) Quantitative analysis of 
V-ATPase B2 in SH-SY5Y cells. All ex-
periments were performed indepen-
dently and repeated three times. The 
data were presented as the means ± SD. 
* P < 0.05 compared with the control 
group.   
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Fig. 5. V-ATPase B2 overexpression restore lysosomal pH and lysosomal 
degradation capacity inhibited by NaF in vitro. (A) The activity of Cath-D in 
SH-SY5Y cells. (B) The fluorescence intensity of DQ™-Green-BSA was 
quantified with Image J software. (C) The lysosomal pH after Ad-V-ATPase 
B2 treatment in SH-SY5Y cells. (D) The lysosomal degradation capacity after 
Ad-V-ATPase B2 treatment in SH-SY5Y cells. All experiments were per-
formed independently and repeated three times. The data were presented as 
the means ± SD. * P < 0.05 compared with the control group, #P < 0.05 
compared with the 60 mg/L NaF group.   
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Fig. 6. V-ATPase B2 overexpression alleviated 
autophagic flux blockage and apoptosis induced 
by NaF in vitro. (A) The protein expression level of 
p62 and LC3-II in SH-SY5Y cells. (B) Quantitative 
analysis of p62 in SH-SY5Y cells. (C) Quantitative 
analysis of LC3-II in SH-SY5Y cells. (D) Quanti-
tative analysis of results of flux cytometry in SH- 
SY5Y cells. (E) Flux cytometry detection of 
apoptosis in SH-SY5Y cells. All experiments were 
performed independently and repeated three 
times. The data were presented as the means 
± SD. * P < 0.05 compared with the control 
group, #P < 0.05 compared with the 60 mg/L 
NaF group.   
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showed that the NaF-induced apoptosis rate was significantly decreased 
by Ad-V-ATPase B2 in the cotreatment group compared with the 60 mg/ 
L NaF-treated group, respectively (P < 0.05; Fig. 6D-E). These results 
suggest that V-ATPase B2 overexpression improved autophagic flux and 
reduced apoptosis in NaF-treated SH-SY5Y cells. 

4. Discussion 

Compelling evidence collectively supports that fluoride is a devel-
opmental neurotoxicant (Dórea, 2021). Thus, we developed a rat model 
to simulate real-world exposure to fluoride at the stages of brain 
development from embryo to maturity. We found that NaF exposure 
during the critical period of nervous system development resulted in 
impaired learning and memory capacities in rats. The present results are 
consistent with previous studies showing that exposure to NaF from 
gestation to adulthood at comparable dosages (100 mg/L) resulted in 
prolonged escape latency and increased swimming distance in rat 
offspring (Qiu et al., 2020). Interestingly, these findings are consistent 
with epidemiological studies showing that fluorosis patients born and 
raised in fluorosis areas have poorer memory and cognitive abilities 
(Wang et al., 2007). Thus, the present results reconfirm and provide 
evidence that NaF is a developmental neurotoxicant. 

The mechanism of fluoride-induced developmental neurotoxicity 
remains unknown, and apoptosis is considered to be a significant cause 
of neuron loss. In the present study, we found that NaF causes neuronal 
damage in the hippocampal CA3 region of rat offspring, as evidenced by 
disorderly arrangement, and reduction in the number of Nissl bodies. 
The Nissl body mainly synthesizes proteins to replenish the protein 
consumption of neurons during excitation transmission. Under physio-
logical conditions, neurons are more capable of synthesizing proteins, 
and therefore large and numerous Nissl bodies are visible by Nissl 
staining, whereas neurons are damaged, the number of Nissl bodies 
decreases or even disappears (Tian and Brainard, 2017). Based on the 
above findings, we are confident that NaF causes the development of 
neurotoxicity by destroying Nissl bodies, resulting in neuronal loss. The 
present findings also provide persuasive evidence to support 
NaF-induced neuronal apoptosis, which was proven by the increased 
PARP cleavage in vivo and in vitro. These findings are in line with a recent 
study on hippocampal neuron loss and apoptosis in a fluoride-exposed 
rat model (Jiang et al., 2019). Briefly, the present results suggest that 
NaF-induced excessive apoptosis participates in fluoride neuro-
developmental toxicity. 

Autophagy is crucial for the development of the nervous system as 
well as in sustaining neuronal homeostasis (Kulkarni et al., 2018). Here, 
we found increased LC3-II levels in vivo and in vitro, as LC3-II levels 
directly correlate with the number of mature autophagosomes (Kabeya 
et al., 2000), the results suggest that NaF triggers the accumulation of 
autophagosomes. The specific autophagic degradation substrate, p62, 
was also dose-dependently elevated in response to NaF in vivo and in 
vitro. The LC3-interacting region (LIR) of p62 interacts with multiple 
sites on LC3 to deliver ubiquitinated substrates into complete autopha-
gosomes, where they are degraded in autophagic lysosomes (Jatana 
et al., 2020). Elevated LC3-II expression and accumulated p62 are 
attributed to impaired autophagosomal degradation (Komatsu and 
Ichimura, 2010; Xiong et al., 2014). Consistently, the number of yellow 
and green puncta gradually increased in NaF-treated mRFP-GFP-LC3 
transfected SH-SY5Y cells in vitro, while the number of red puncta 
denote the opposite trend. These results indicate that NaF caused an 
increase in autophagosomes and inhibit the fusion of autophagosomes 
with lysosomes, also led to an increase in the pH of lysosomes thus 
causing autophagic flux blockage. Therefore, the present results suggest 
that impaired autophagic degradation is likely to be an important cause 
of NaF-induced developmental neurotoxicity. 

Lysosomes is the terminal end of autophagic flux, through which 
substances within the autophagosomes are degraded and recycled, thus 
contributing to cellular homeostasis (Banerjee and Kane, 2020). 

Lysosomal degradation capacity is primarily determined by hydrolase 
activity. Interestingly, our findings revealed that NaF exposure 
decreased Cath-D activity in vivo and in vitro. Correspondingly, we found 
that NaF exposure reduced lysosomal degradation capacity, as indicated 
by DQ™-Green-BSA fluorescence intensity. Cath-D is a lysosomal 
aspartate protease that is activated at low pH and digests substances in 
the lysosome to sustain cellular homeostasis (Tran and Silver, 2021; 
Marques et al., 2020). The loss of Cath-D leads to lysosomal dysfunction 
and the accumulation of different cellular proteins associated with 
neurodegenerative diseases (Hossain et al., 2021). Overall, our findings 
indicated that NaF could reduce Cath-D activity and expression and thus 
diminish the lysosomal degradation capacity in neurons. In addition, 
lysosomes have a critical requirement for low pH, and the acidic envi-
ronment within the lysosomal lumen promotes the degradation of mis-
folded proteins and damaged organelles and provides the optimal 
microenvironment for various hydrolases (Hadi et al., 2021). Surpris-
ingly, the present study results showed that NaF exposure elevated the 
lysosomal pH of SH-SY5Y cells, with a dose-effect relationship. Kazushi 
Aoto (Aoto et al. (2021) discovered that increased lysosomal pH affects 
human and mouse brain development. A similar finding was obtained 
from a recent study that raised lysosomal pH produced defects in hy-
drolase capacity (Ponsford et al., 2021). Considering the findings 
mentioned above, it is conceivable that NaF exposure altered the 
hydrolase-dependent environment by elevating the pH of the lysosomal 
lumen, resulting in a diminution in lysosomal degradation capacity. 

The proton pump V-ATPase maintains a low pH in the lysosomal 
membrane (Li et al., 2021). V-ATPase is a multisubunit complex that 
hydrolyzes ATP and transports hydrogen ions to lysosomes, which sta-
bilizes the lysosomal pH (Lee et al., 2015). The role of V-ATPase in the 
increased lysosomal pH induced by fluoride remains unclear. Here, NaF 
exposure resulted in reduced V-ATPase expression in SH-SY5Y cells, 
suggesting that NaF may cause lysosomal luminal pH increase by 
inhibiting the expression of V-ATPase. To further investigate the role of 
V-ATPase in NaF-induced developmental neurotoxicity, we used ATP (a 
substrate of V-ATPase) and BaF (a specific inhibitor of V-ATPase) to 
explore the role of V-ATPase in NaF-treated SH-SY5Y cells. Supportively, 
ATP treatment enhanced, while BaF inhibited, the protein level of the 
V-ATPase B2. Furthermore, Ad-V-ATPase B2 increased V-ATPase B2 
expression, and alleviated lysosomal alkalinization in SH-SY5Y cells 
incubated with NaF. Since the acidic microenvironment in lysosomes is 
an essential prerequisite for hydrolases to perform their degradation 
functions, we further analyzed the expression and activity of lysosomal 
hydrolases after V-ATPase B2 overexpression. As predicted, 
Ad-V-ATPase B2 effectively alleviated the NaF-induced suppression of 
Cath-D activity and expression levels and prevented the suppression of 
NaF-induced lysosomal degradation capacity. Taken together, our 
experimental results revealed that the NaF-induced reduction in lyso-
somal V-ATPase expression was mitigated by Ad-V-ATPase B2, which 
ensured the normal lysosomal acidification process, thereby creating an 
appropriate microenvironment for hydrolase degradation and promot-
ing lysosomal degradation capacity. Autophagic flux is determined by 
the restoration of lysosomal degradation capacity function (Kaminskyy 
and Zhivotovsky, 2012). We also provide the results that after 
Ad-V-ATPase B2 treatment, the high expression of both autophagic 
degradation substrate p62 and autophagic vesicle marker protein LC3-II 
declined due to enhanced lysosomal degradation capacity. Sergin et al. 
(2017) discovered that restoring lysosomal degradation capacity in 
atherosclerosis may efficiently reduce p62 aggregation and block 
macrophage apoptosis, which is related to reduced atherosclerosis. The 
present findings thus suggest that NaF-induced impairment of auto-
phagic degradation may be reversed by restoring lysosomal degradation 
capacity function through Ad-V-ATPase B2, which restored autophagic 
flux. Encouragingly, we also found that Ad-V-ATPase B2 alleviated 
excessive neuronal apoptosis. Lead-induced cytotoxicity in rat renal 
tubular epithelial cells restores autophagic flux by increasing lysosomal 
degradation capacity, which consequently decreases apoptosis (Song 
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et al., 2017). Our results suggested that targeting V-ATPase and sus-
taining robust autophagic flux might be key to minimizing 
fluoride-induced apoptosis. 

In conclusion, we provided the first evidence that NaF induces 
developmental neurotoxicity by decreasing lysosomal V-ATPase 
expression, increasing lysosomal pH, disrupting lysosomal degradation 
capacity, and blocking autophagic flux, induced neurotoxicity. In 
particular, the above changes caused by NaF can be effectively allevi-
ated by targeting V-ATPase to restore the acidic environment of the 
lysosomal lumen, promote Cath-D activity and expression, and enhance 
lysosomal degradation capacity, thereby sustaining robust autophagic 
flux and reducing excessive apoptosis of neurons. In this context, V- 
ATPase might serve as a critical target of fluoride-induced develop-
mental neurotoxicity. This could be a novel strategy to prevent and 
control fluoride-induced developmental neurotoxicity. 
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