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Abstract
It is widespread of endemic fluorosis in China, and the exposure of excessive fluoride will cause nervous system disease and 
activate microglia. However, the mechanism of the damage is not clear. It is well-known that NLRP3/Caspase-1/GSDMD 
pathway, a classic pyroptosis pathway, is widely involved in the occurrence and development of nervous system–related dis-
eases, infectious diseases, and atherosclerotic diseases. This research aimed to explore the molecular mechanism of sodium 
fluoride on inflammation and pyroptosis in BV2 microglia based on the NLRP3/Caspase-1/GSDMD signaling pathway. 
BV2 microglia was treated with sodium fluoride at the dose of 0.25, 1, and 2 mmol/L for 24, 48, and 72 h, respectively. 
Cell viability, cell morphology, lactate dehydrogenase content, and related proteins and genes were examined to investigate 
if sodium fluoride caused damage to BV2 microglia through the pyroptosis pathway. Dithiolam (5 μmol/L), a pyroptosis 
inhibitor, was added for further verification. NaF could induced BV2 cells injury in a dose-dependent fashion through 
disrupting the integrity of cell membranes and increasing IL-1β via upregulating NLRP3, Caspase-1, and its downstream 
protein GSDMD. Disulfiram could improve these changes caused by NaF. In conclusion, our results suggested that NLRP3/
Caspase-1/GSDMD-mediated classical pyroptosis pathway was involved in fluoride-induced BV2 microglia damage.
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Introduction

Fluorine is a halogen element in the periodic table. Fluoride 
widely exists in daily drinking water, soil, and atmosphere, 
and most of it exist in the human body in the form of com-
pounds (Li et al. 2022). As per the guideline adopted by the 
WHO (WHO 2011) and Chinese standard (GB5749-2022), 
the concentration of fluoride in drinking water should not 
exceed beyond 1.5 mg/L and 1.0 mg/L, respectively. China 
locates in high F− zone in the world. The results showed that 
15% of the groundwater contains F−. The average fluoride 
content in water is higher than 2.0 mg/L and even reaches 

10.4 mg/L in endemic areas (Feng et al. 2020). Fluoride is 
an essential trace element for human body, mostly distribut-
ing in bones and teeth. Proper intake of fluoride is beneficial 
to the prevention and treatment of dental caries, as well as 
the development of the bone. However, fluoride is also one 
of the major toxicants in the environment, and excessive 
intake of fluoride will cause a significant risk on human 
health, which will result in skeletal fluorosis and dental fluo-
rosis which is a typical feature of chronic systemic diseases 
(Godebo et al. 2020; Rezaee et al. 2020; Zheng et al. 2020). 
Furthermore, fluoride plays an adverse role in affecting tis-
sues of the kidneys, liver, heart, and testicle (Dharmaratne 
2019; Kanagaraj et al. 2015; Xie et al. 2020) with a broad 
array of symptoms and various pathological changes. In 
addition, studies have shown that fluoride could penetrate 
both the placental and the blood–brain barrier (BBB) as 
well as caused central nervous system functional impair-
ments (Grandjean 2019). Fluoride inside the brain caused 
remarkable histopathological alterations, extensive cellular 
damage, and apoptosis. The accumulated data revealed that 
fluorosis patients often occurred in the central nervous sys-
tem dysfunction, such as headache, dizziness, and memory 
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loss (Choi et al. 2012). Chronic fluorosis could cause intel-
lectual changes. High fluoride exposure reduced children’s 
reaction speed and abstracted thinking ability and further 
affected children’s learning ability. Studies have identified 
that excessive fluoride intake showed a significant negative 
correlation with children’s IQ (Chen et al. 2018; Grandjean 
2019; Sabour and Ghorbani 2013). Animal studies showed 
that long-term fluoride exposure would activate oxidative 
stress reaction in the brain. The increase of ROS concentra-
tion led to the disorder of cell metabolism and the increase 
of the expression of pro-inflammatory genes and caused 
inflammation, cell apoptosis, and degenerative diseases 
(Akinrinade et al. 2015; Ma et al. 2017).

Microglia are dormant macrophages in brain tissue, 
which participate in the immune regulation of the central 
nervous system and the repair of brain tissue damage and 
pathogens. Therefore, they are the first line of defense in the 
central nervous system against the external damage. Acti-
vated microglia could protect neurons through phagocyto-
sis. On the other hand, they could induce inflammation in 
the brain. Activated microglia release neurotoxic cytokines, 
such as IL-1β, IL-6, tumor necrosis factor α (TNF-α), and 
prostaglandins, and initiate the expression level of phospho-
lipase A2 and cyclooxygenase, which result in the death of 
neurons and glial cells (Zhang et al. 2022) and are related 
to a variety of neuropathic diseases and disorders (Li et al. 
2023). Relevant studies have shown that fluoride could acti-
vate microglia, which produced pro-inflammatory cytokines 
including IL-1β, IL-6, IL-18, and TNF-α, leading to severe 
oxidative stress and inflammation in brain (Chen et al. 2017; 
Zhang et al. 2021). The level of neurotransmitters and the 
function of neurons are changed. It is reported that inflam-
mation, oxidative stress, and subsequent neuronal degenera-
tion are the basic causes of the toxic effect of fluoride on 
neurons.

Inflammatory reaction is involved in pyroptosis which is a 
form of inflammatory programmed cell death pathway acti-
vated by Caspase-1, Caspase-4, Caspase-5, or Caspase-11. 
Nucleotide-binding oligomerization domain-like receptor 
protein 3 (NLRP3) is a sensitive receptor for inflammatory 
signaling. Once inflammation appears, the NLRP3 recep-
tor will recruit the adaptor molecule apoptosis-associated 
speckle-like protein (ASC) to form a macromolecular com-
plex. NLRP3 inflammasome could activate the effector 
protein Caspase-1. Activated Caspase-1 cleaved pro-IL-18 
and pro-IL-1β and led to the release of activated IL-18 and 
IL-1β and inflammatory response. Activated Caspase-1 also 
cleaved gasdermin D (GSDMD), which initiated pyropto-
sis (Shi et al. 2015). Li et al. (2020) reported that sodium 
fluoride (NaF) could induce pyroptosis in the small intes-
tine of C57BL/6 J male mice, which led to inflammatory 
reaction. However, there are few reports about whether NaF 
could induce microglia pyroptosis leading to inflammation. 

Therefore, we speculated that NLRP3/Caspase-1/GSDMD 
pathway presumably played an indispensable part in regulat-
ing NaF-induced BV-2 pyroptosis. Moreover, disulfiram, an 
inhibitor of the pyroptosis, was used to explore the role in 
the activation of BV2 cells induced by fluoride.

This study aimed to investigate the effect of fluoride on 
the activation of NLRP3 inflammasome in microglia, and 
the role of Caspase-1 mediated pyroptosis in the damage of 
microglia caused by fluorosis.

Materials and methods

Chemicals and reagents

Sodium fluoride (NaF) was purchased from Tianjin Damao 
Chemical Plant (China). DMEM was purchased from Gibco 
(USA), and fetal bovine serum (FBS) was purchased from 
BI(Israel). Disulfiram (DSF) was obtained from MCE 
(USA).

Cell culture

BV2 cells were purchased from the Institute of Materia 
Medica, Chinese Academy of Medical Sciences (Beijing, 
China). Cells were maintained in DMEM supplemented 
with 10% FBS in a humidified atmosphere at 37 °C with 5% 
CO2 (Thermo Scientific, USA). The growth medium was 
changed 2–3 times a week. Cells were subcultured during 
80–90% cell fusion. Then, cells were treated with NaF and 
with/without GSDMD inhibitor as indicated.

Cell viability assay

To determine the effects of NaF on BV2 cell viability, the 
MTT assay was used. Cells were seeded in 96-well plates at 
5 × 103 cells/well. After 24 h, cells were treated with vary-
ing doses of NaF (0, 0.25, 0.5, 1, 1.5, 2, 2.5, 5 mmol/L) for 
24, 48, and 72 h, respectively. Ten microliter of the MTT 
reagent was added to each well and incubated for 4 h at 37°C 
when each time point. After incubation, the supernatant was 
removed. Subsequently, 100 μl dimethyl sulfoxide (DMSO) 
(Solarbio, Shanghai, China) was added, and the solution was 
oscillated on a shaking table at room temperature for 10 min 
to dissolve the blue–violet precipitate. Finally, the absorb-
ance was determined at 490 nm.

Cell morphology observation

Cells were seeded in 6-well plates at 106 cells/well and incu-
bated for 24 h. Then, they were exposed to different doses of 
NaF (0, 0.5, 1, 2 mmol/L) for 24, 48, and 72 h, respectively. 
Cells were treated with 0 and 2 mmol/L NaF in the presence 
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or absence of disulfiram for 24 h in another experiment. 
After cells were washed three times with PBS, the cell mor-
phology of each group added with PBS was observed with 
the optical inversion phase contrast microscope.

Lactate dehydrogenase (LDH) release detection

Cells in the logarithmic phase were seeded in 96-well 
plates at 5 × 103 cells/well. After 24 h, cells were treated 
with varying doses of NaF (0, 0.5, 1, 2 mmol/L) with/with-
out disulfiram (5 μmol/L) for 24 h. Cells were treated with 
0 and 2 mmol/L NaF and/or 5 μmol/L disulfiram for 24 h 
in another experiment, respectively. The cell culture plates 
were removed and centrifuged at 400 × g for 5 min. Then 
120 μl supernatant was removed and transferred to another 
96-well plate, and 60 μl LDH detection fluid was added into 
each well. Finally, the reaction mixture was incubated for 
30 min at room temperature in the dark. LDH concentration 
was quantified by measuring the absorbance at 490 nm.

Total RNA extraction and real‑time quantitative PCR 
(qPCR) assay

Total RNA was extracted from BV2 cells using Trizol 
reagent (Thermo,15,596,018). Then 3 μg of total RNA 
was reverse transcribed into cDNA using Reverse Tran-
scription Kit (Thermo, K1622). Finally, qPCR was used 
for cDNA amplification. Primers obtained from San-
gon Biotech (Shanghai, China) were showed as follows: 
NLRP3-F, 5́-GCC​GTC​TAC​GTC​TTC​TTC​CTT​TCC​-3́, 
and NLRP3-R, 5́-CAT​CCG​CAG​CCA​GTG​AAC​AGAG-3́; 
Caspase-1-F, 5́-AGA​GGA​TTT​CTT​AAC​GGA​TGCA-3́, 
and Caspase-1-R, 5́-TCA​CAA​GAC​CAG​GCA​TAT​TCTT-3́; 
GSDMD-F, 5-́CGA​TGG​GAA​CAT​TCA​GGG​CAGAG-3,́ and 
GSDMD-R, 5́-ACA​CAT​TCA​TGG​AGG​CAC​TGG​AAC​-3́; 
IL-1β-F, 5-́CAC​TAC​AGG​CTC​CGA​GAT​GAA​CAA​C-3,́ and 
IL-1β-R, 5́-TGT​CGT​TGC​TTG​GTT​CTC​CTT​GTA​C-3́; and 
GAPDH-F, 5́-GGC​AAA​TTC​AAC​GGC​ACA​GTC​AAG​-3́, 
and GAPDH-R, 5-́TCG​CTC​CTG​GAA​GAT​GGT​GATGG-3.́ 
The relative expression of the target gene was calculated by 
2−△△Ct with GAPDH as internal reference control.

Western blotting assay

Cells were incubated and treated as mentioned above. Total 
proteins were extracted with cell lysis buffer (Solarbio, 
ROO20) containing protease inhibitors (Solarbio, ROO20). 
The lysates were incubated on ice for 20 min and cleared by 
centrifugation at 14,000 rpm for 5 min at 4 °C to the super-
natants and were collected and used for evaluation of the 
relevant protein levels. Protein concentrations were quanti-
fied by using a BCA protein kit (Thermo,23,225). Samples 
(30 μg protein per lane) were loaded on 10% SDS-PAGE 

gels and transferred to PVDF membranes (Roche). After 
blocking with 5% non-fat milk for 2 h at room tempera-
ture in TBST (TBS with 0.5% Tween 20), the membranes 
were incubated with appropriate primary antibodies at 4 °C 
overnight. The primary antibodies included NLRP3 (1:1000, 
SAB 38679–1), Caspase-1 (1:1000, Abcam, EPR16883), 
GSDMD (1:1000, SAB, 30,392–1), IL-1β (1:1000, SAB, 
41,059–1), and GAPDH (1:1000, SAB, 21,612–2). The next 
day, the membranes were washed three times with TBST 
buffer for 10 min and incubated with anti-rabbit horseradish 
peroxidase (HRP)-conjugated immunoglobulin G (IgG) sec-
ondary antibodies diluted in TBST (1:5000) for 2 h. Then, 
the membranes were washed with TBST buffer three times 
for 10 min and then treated with enhanced chemilumines-
cence (ECL, livning, C1006-100). Western blot images were 
captured by Tanon 4200SF multi-chemiluminescent imaging 
system (Tanon, China), and bands were quantified by densi-
tometry using ImageJ software.

Statistical analysis

All experiments were performed at least three times, and 
the values were presented as mean ± SD. The comparison 
between groups was evaluated by one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s multiple comparison 
test using GraphPad Prism 5.0 software (GraphPad Soft-
ware Inc., USA). P values < 0.05 were considered statisti-
cally significant.

Results

Effects of fluoride on BV2 cell viability

The cell viability of BV2 cells exposed to different doses of 
fluoride were detected by MTT assay. As shown in Fig. 1, 
cell viability increased at 0.25 and 0.5 mmol/L NaF-treated 
groups following 24 h of culture. And cell viability of other 
NaF-treated groups was lower than the control group after 
exposure for 24 h (P < 0.05). The survival rate of BV2 cell 
decreased significantly with the increase of NaF concentra-
tion at 48 h and 72 h after exposure of NaF (P < 0.05). The 
results suggested that NaF inhibited the survival of BV2 
cells in a dose-dependent manner.

Effects of fluoride on BV2 cell morphology

The cell morphology was observed with the optical inver-
sion phase contrast microscope. As shown in Fig. 2, the 
cells of the control group (0 mmol/L NaF) grew with good 
adhesion and highly branched, and the number was more 
than other groups. Compared with the control group, the 
cell morphology of NaF-treated groups was changed. Cells 
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of NaF-treated groups floated up and showed poor adhesion 
compared to cells of the control group. Protuberances of 
BV2 cell in NaF-treated groups disappeared. The number 
of cells in NaF-treated groups decreased significantly. These 

changes were more obvious with the extension of time and 
the increase of fluoride dose. These results indicated that 
NaF changed BV2 cell morphology in a dose- and time-
dependent fashion.

Fig. 1   Effects of fluoride on 
cell viability in BV2 cells. 
Cells were treated with varying 
doses of NaF for 24, 48, and 
72 h. A, 24 h; B, 48 h; C, 
72 h. Data are expressed as 
mean ± SD (n = 3). *P < 0.05, 
**P < 0.01, ***P < 0.001, and 
****P < 0.0001 vs the control 
group (0 mmol/L NaF)

Fig. 2   Effects of fluoride on BV2 cell quantity and morphology (400 ×). Cells were treated with varying doses of NaF for 24, 48, and 72 h
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Effects of fluoride on lactate dehydrogenase (LDH) 
release

Normally, LDH existed in the cytoplasm of living cells 
and could not pass through the cell membrane. But LDH 
could be leaked from intracellular to extracellular when 
the cell membrane was compromised. To explore the effect 
of fluoride on the integrity of cell membrane, the leakage 
of LDH from the cells in varying doses of NaF for 24 h 
was detected. As shown in Fig. 3, the leakage of LDH 
increased significantly in all concentrations of NaF tested 
(P < 0.05). At 2 mmol/L NaF, the extent of LDH leakage 
reached the most. Results indicated that the integrity of the 

cell membrane was damaged after fluoride exposure in a 
dose-dependent fashion.

Effects of fluoride on the expression of NLRP3/
Caspase‑1/GSDMD pathway‑related mRNAs 
and proteins

To investigate the potential mechanism involved in the toxicity 
of fluoride to BV2 cells at gene transcription and protein expres-
sion, the levels of NLRP3, Caspase-1, GSDMD, and IL-1β 
mRNAs and proteins were examined after exposure of NaF 
for 24 h. As shown in Figs. 4 and 5, compared with the control 
group, the gene and protein expression levels of NLRP3, Cas-
pase-1, GSDMD, and IL-1β were increased significantly in a 
dose-dependent manner after NaF treatment for 24 h (P < 0.05). 
The results suggested that pyroptosis was involved in BV2 cell 
injury induced by NaF treatment.

Effects of fluoride and disulfiram on BV2 cell 
morphology

To further discuss the role of NLRP3/Caspase-1/GSDMD 
pathway in NaF-induced BV2 cell injury, BV2 cells were 
treated with 2 mmol/L NaF in the presence or absence 
of disulfiram, a GSDMD inhibitor. As shown in Fig. 6, 
disulfiram could significantly improve the reduction 
of cells induced by fluorosis. This result suggested that 
NLRP3/Caspase-1/GSDMD signaling was involved in 
NaF-induced BV2 microglia damage.

Fig. 3   Effects of fluoride on LDH release. Cells were treated with 
varying doses of NaF for 24  h. Data are expressed as mean ± SD 
(n = 3). *P < 0.05 and **P < 0.01 vs the control group (0 mmol/L NaF)

Fig. 4   Effects of fluoride on 
the expression of NLRP3/
Caspase-1/GSDMD pathway-
related gene. Cells were treated 
with varying doses of NaF 
for 24 h. A–D: The results of 
mRNA expression of NLRP3 
(A), Caspase-1 (B), GSDMD 
(C), and IL-1β (D). Data are 
expressed as mean ± SD (n = 3). 
*P < 0.05 and **P < 0.01 vs the 
control group (0 mmol/L NaF)
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Effects of fluoride and disulfiram on lactate 
dehydrogenase (LDH) release

The integrity of cell membrane of BV2 cells culturing 
for 24 h in 2 mmol/L NaF in the presence or absence of 
5 μmol/L disulfiram was analyzed by determining LDH 

release (Fig. 7). LDH released at 2 mmol/L NaF was more 
than that of the control group (P < 0.05). LDH released after 
adding disulfiram was statistically decreased (P < 0.05). 
Results indicated that the integrity of the cell membrane 
was damaged after fluoride exposure, and disulfiram could 
prevent membrane damage induced by fluoride.

Fig. 5   Effects of fluoride on the expression of NLRP3/Caspase-1/
GSDMD pathway-related protein. Cells were treated with varying 
doses of NaF for 24 h. A: The protein expression levels of NLRP3, 
Caspase-1, GSDMD, and IL-1β were determined by Western Blot-

ting; B–E: The statistical results of protein expression of NLRP3 
(B), Caspase-1(C), GSDMD(D), and IL-1β (E). Data are expressed 
as mean ± SD (n = 3). *P < 0.05 and **P < 0.01 vs the control group 
(0 mmol/L NaF)
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Effects of fluoride and disulfiram on the expression 
of NLRP3/Caspase‑1/GSDMD pathway‑related 
mRNAs and proteins

To explore the effect of sodium fluoride and disulfiram on 
pyroptosis, the gene and protein expression of NLRP3, Cas-
pase-1, GSDMD, and IL-1β was detected by qPCR and west-
ern blotting. Compared with the control group, the mRNA and 
protein expression levels of NLRP3, Caspase-1, GSDMD, and 
IL-1β were markedly promoted after 2 mmol/L NaF treatment 
for 24 h (P < 0.05). However, the mRNA and protein expression 
levels of NLRP3, Caspase-1, GSDMD, and IL-1β were signifi-
cantly decreased with the addition of the disulfiram compared 
with 2 mmol/L NaF treatment group (P < 0.05) (Figs. 8 and 9). 

The results suggested that disulfiram could inhibit pyroptosis 
induced by fluoride.

Discussion

Fluoride is a necessary micronutrient for the human body, 
and moderate amounts of fluoride can prevent dental caries 
and promote bone development. However, a large number of 
experimental studies have found that fluoride intake beyond 
the appropriate range will lead to damage to the structure 
and function of central nervous system (Waugh 2019; Yuan 
et al.2019; Li et al. 2019; Dec et al. 2017). The pathologi-
cal changes in the cerebrum and cerebellum of Wistar rats 
treated with fluoride were severe, including neuronal necro-
sis, gliosis, spongiform degeneration, vascular cuff, conges-
tion, and hemorrhage (Sharma et al. 2022), and fluoride 
exposure significantly altered the morphological character-
istics of hippocampal CA3 neurons (Ran et al. 2023). There 
was no clear mechanism in those changes.

In recent years, microglia have become a creative and prom-
ising therapeutic target for many neurological and mental dis-
eases. Genome-wide association studies (GWASs) revealed that 
microglia expressed risk genes for many central nervous system 
diseases, including Alzheimer’s disease, Parkinson’s disease, 
schizophrenia, autism, and multiple sclerosis (Prinz et al. 2019). 
The dose of fluoride used in this study was determined through 
extensive literature review and preliminary experiments before. 
BV2 cells were treated with different concentrations of NaF for 
24, 48, and 72 h. The inhibitory effects of excessive fluoride on 
BV2 cell viability were evaluated by the MTT assay. The results 
indicated that the survival rate of cells decreased significantly with 
the increase of fluoride concentration and exposure time. Based 
on this, 0.25 mmol/L NaF was selected as the low-dose group, 
1 mmol/L NaF as the mid-dose group, and 2 mmol/L NaF as the 
high-dose group. Twenty-four hour was selected as the subsequent 
exposure time. With the increase of NaF concentrations, cells had 
less protuberances and poor adhesion. Cells presented spherical 

Fig. 6   Effects of fluoride and disulfiram on BV2 cell quantity and morphology (400 ×). Cells were treated with 0 and 2 mmol/L NaF in the pres-
ence or absence of 5 μmol/L disulfiram for 24 h

Fig. 7   Effects of fluoride and disulfiram on LDH release. Cells 
were treated with 0 and 2  mmol/L NaF in the presence or absence 
of 5  μmol/L disulfiram for 24  h. Data are expressed as mean ± SD 
(n = 3). *P < 0.05 vs the control group (0 mmol/L NaF). #P < 0.05 vs 
the NaF group (2 mmol/L)
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amoeba-like appearance. The data were consistent with previous 
studies (Yan et al. 2013; Yang et al. 2018).

Hyperactivation of microglia could lead to chronic inflamma-
tion and released large amounts of pro-inflammatory cytokines 
that aggravated nervous system damage (Subhramanyam et al. 
2019). Inflammation resulted in the increase of pro-inflammatory 
cytokines, including IL-1β, IL-6, IL-18, and TNF-α (Fu et al. 
2023). IL-1β levels in school-aged children with low-to-mod-
erate fluoride exposure were higher (Tang et al.2023). Some 
experiments showed that fluoride exposure induced an increased 
release of pro-inflammatory cytokines (Yan et al. 2016; Zhang 
et al. 2022). The increased production of the pro-inflammatory 
cytokine from microglia led to severe oxidative stress and 
inflammation inside the brain regions, which led to alterations 
in the neurotransmitter levels and resulted in neuronal apoptosis 
induced by fluoride (Ottappilakkil et al. 2023). IL-1β that was 
a pro-inflammatory cytokine released by activated microglia 
induced JNK phosphorylation and was involved in NaF-induced 
apoptosis of hippocampal neurons and cognitive dysfunction 
(Zhang et al. 2022). Our results showed that NaF significantly 
increased mRNA and protein expression of IL-1β in BV2. IL-1β 
was also considered to be released by pyroptosis once induced 
by the activation of NLRP3 inflammasome (Wang et al. 2022).

Pyroptosis was programmed by an inflammatory caspase. 
NLRP3/Caspase-1/GSDMD pathway was an important pathway 
of pyroptosis. Caspase-1 was activated by the NLRP3 inflammas-
ome. Activated Caspase-1 processed pro-IL-1β and pro-IL-18 into 

mature IL-1β and IL-18 (Gao et al. 2022; Li et al. 2020). Moreover, 
activated Caspase-1 could cleave GSDMD to GSDMD-N, which 
formed pores in the plasma membrane and resulted in IL-1β and 
IL-18 release (Shi et al. 2015; Ding et al. 2016). In addition, water 
entered cell by those pores led to cell swelling and finally lysis. 
Therefore, GSDMD controlled the release of pro-inflammatory 
cytokines such as IL-1β and entering of water performed on 
inflammatory programmed cell death. GSDMD was an executive 
protein involved in pyroptosis, which was also known as a perforat-
ing protein. Myocardial ischemia/reperfusion injury led to cardiac 
pyroptosis by increasing the cleavage of Caspase-1 and GSDMD 
(Shi et al. 2022). It has been found that the NLRP3 inflammasome 
was activated in primary ovarian dysfunction rats, which triggered 
the cell death cascade and led to the upregulation of genes and 
proteins involved in the cell death pathway (Miao et al. 2023). In 
other experiments, the microglia were injured by cerebral ischemia/
reperfusion in vitro or in vivo. The expression levels of NLRP3, 
Caspase-1, and IL-1β in the microglia of cerebral ischemia rats 
were significantly increased (Cui et al. 2022; Gong et al. 2018; 
Liu et al. 2021). Pyroptosis was involved in neuroinflammation 
and neuronal injury after traumatic brain injury, and ablation of 
Caspase-1 inhibited pyroptosis induced by traumatic brain injury 
(Liu et al. 2018). NLRP3 inflammasome and pyroptosis activation 
might contribute to AD-related neurodegeneration (Moonen et al. 
2023). After fluoride exposure, pro-inflammatory cytokines and 
pyroptosis-related mRNAs and proteins were notably increased 
in the duodenum, jejunum, and ileum of C57BL/6 J mice model 

Fig. 8   Effects of fluoride 
and disulfiram on the expres-
sion of NLRP3/Caspase-1/
GSDMD pathway-related 
gene. Cells were treated 
with 0 and 2 mmol/L NaF in 
the presence or absence of 
disulfiram for 24 h. A–D: The 
results of mRNA expression 
of NLRP3 (A), Caspase-1 
(B), GSDMD(C), and IL-1β 
(D).Data are expressed as 
mean ± SD (n = 3). *P < 0.05 vs 
the control group (0 mmol/L 
NaF). #P < 0.05 vs the NaF 
group (2 mmol/L)
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Fig. 9   Effects of fluoride and disulfiram on the expression of NLRP3/
Caspase-1/GSDMD pathway-related protein. Cells were treated 
with 0 and 2 mmol/L NaF in the presence or absence of disulfiram 
for 24  h. A: The protein expression levels of NLRP3, Caspase-1, 
GSDMD, and IL-1β were determined by Western Blotting; B–E: 

The statistical results of protein expression of NLRP3 (B), Caspase-1 
(C), GSDMD (D), and IL-1β (E). Data are expressed as mean ± SD 
(n = 3). *P < 0.05 vs the control group (0 mmol/L NaF). #P < 0.05 vs 
the NaF group (2 mmol/L)



19853Environmental Science and Pollution Research (2024) 31:19844–19855	

(Li et al. 2020). Our results showed that the protein and gene 
expression levels of NLRP3, Caspase-1, and GSDMD increased 
with increasing NaF concentrations, which were correlated with 
the extent of BV2 cells pyroptosis. It is suggested that pyroptosis 
mediated by NLRP3/Caspase-1/GSDMD pathway was activated 
by NaF treatments for 24 h in BV2 cells.

LDH is an intracellular enzyme. Once plasma membrane integ-
rity is destroyed, they enter into the plasma or culture medium. In 
the present study, NaF significantly increased the levels of LDH, 
which was consistent with the increased pyroptosis proteins and the 
increased IL-1β. It was indicated that the plasma membrane was 
damaged with the increased permeability after exposure of BV2 
cells to NaF, and then LDH and IL-1β were released.

It was necessary to select inhibitors of pyroptosis to explore 
the role of pyroptosis in the activation of BV2 cells induced by 
fluoride. There existed a large amount of advantages in disulfi-
ram, though there were many inhibitors of pyroptosis, such as 
MCC950 (Coll et al. 2022) which was a kind of NLRP3 inhibi-
tors. Disulfiram is an active L-cysteine drug that inhibits pyropto-
sis by blocking gasdermin D pore formation or activation of the 
NLRP3 inflammasome (Hu et al. 2020). Thereby, it could reduce 
the release of IL-1β. It has been proved that disulfiram inhibited the 
formation of GSDMD channels in podocytes to inhibit the occur-
rence of focal death and thus alleviate membranous nephropathy 
(Lv et al. 2022). Disulfiram or GSDMD gene knockout could 
inhibit the occurrence of cell death, which could improve the 
inflammation of acute lung injury and related intestinal mucosal 
damage (Zhao et al. 2022). Disulfiram inhibited the cleavage of 
GSDMD, alleviated acute pancreatitis and related lung injury 
induced by caerulein, and reduced the expression levels of IL-1β 
and IL-18 in pro-inflammatory cytokine (Wu et al. 2021). In addi-
tion, studies have demonstrated that disulfiram attenuated lung 
injury and inflammatory response in cytomegalovirus pneumonia-
induced mice by inhibiting signal transduction of nuclear factor κB 
and activation of the NLRP3 inflammasome (Huang et al. 2022). 
Disulfiram could effectively improve renal function damage in 
kidney ischemia/reperfusion injury by inhibiting pyroptosis, both 
in vivo and in vitro (Cai et al. 2022). In our study, disulfiram sig-
nificantly increased cell survival and cell number of NaF. Protein 
and mRNA expression levels of NLRP3, Caspase-1, and GMDSD 
were significantly decreased, and the release of LDH and IL-1β 
was severely decreased in the group of NaF and disulfiram. These 
results indicated that disulfiram prevented BV2 microglia death 
induced by NaF via inhibiting the activation of NLRP3 inflam-
masome and the conserved L-cysteine modification in GSDMD.

Conclusion

The results from our present data supported the hypothesis 
that pyroptosis mediated by NLRP3/Caspase-1/GSDMD 
pathway was the crucial mechanistic event involved in 
NaF-induced injury of microglia (Fig. 10). Our findings 

have potential implications for public health policies on 
the treatment of fluoride neurotoxicity. Depressed pyrop-
tosis can alleviate some of the neuroinflammation and 
neurological deficits involved in the fluorosis. However, 
it is important to carry out in vivo research to get more 
information. Moreover, further experiments are warranted 
to reveal the details of how fluoride triggers pyroptosis 
in microglia.
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