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A B S T R A C T   

Fluoride has received much attention for its predominant bone toxicity in the human body. However, the toxic 
mechanism of bone injury caused by fluoride exposure remains largely unclear. Bone marrow mesenchymal stem 
cells (BMSCs) are widely used as model cells for evaluating bone toxicity after environmental toxicant exposure. 
In this study, BMSCs were exposed to fluoride at 1, 2, and 4 mM for 24 h, and fluoride significantly inhibited cell 
viability at 2 and 4 mM. A multiomics analysis combining transcriptomics with metabolomics was employed to 
detect alterations in genes and metabolites in BMSCs treated with 2 mM fluoride. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis of transcriptomics profiles identified “lysosomes” as the top enriched 
pathway, which was severely damaged by fluoride exposure. Lysosomal damage was indicated by decreases in 
the expression of lysosomal associated membrane protein 2 (LAMP 2) and cathepsin B (CTSB) as well as an 
increase in pH. Upregulation of the lysosome-related genes Atp6v0b and Gla was observed, which may be 
attributed to a compensatory lysosomal biogenesis transcriptional response. Interestingly, inhibition of gluta-
thione metabolism was observed in fluoride-treated BMSCs at the metabolomic level. Moreover, an integrative 
analysis between altered genes, metabolites and lysosome signaling pathways was conducted. Palmitic acid, 
prostaglandin C2, and prostaglandin B2 metabolites were positively associated with Atp6v0b, a lysosome-related 
gene. Overall, our results provide novel insights into the mechanism responsible for fluoride-induced bone 
toxicity.   

1. Introduction 

Fluorine is a ubiquitous element worldwide and has been detected in 

human urine and blood samples (Cui et al., 2018; Malin et al., 2018; Liu 
et al., 2020a, 2020b; Wang et al., 2020a, 2020b). The World Health 
Organization (2004) regulated the upper limit of 1.5 mg/L fluoride in 
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drinking water (Helte et al., 2021; Khattak et al., 2022). However, the 
actual intake of fluoride by approximately 260 million people across the 
globe is higher than the limit (Rashid and Bezbaruah, 2020; Rashid 
et al., 2021). Because fluoride has been widely applied in industrial 
processes, including fossil combustion, fertilizer production, electro-
plating, glass and ceramic production, high levels of fluoride are 
detected in soil, water and the atmosphere (Affonso et al., 2020; Han 
et al., 2021; Li et al., 2021a, 2021b, 2021c, 2021d). Fluoride pollution 
inevitably results in its transfer into plants, animals, and the human 
body (Singh et al., 2018; Li et al., 2021a, 2021b, 2021c, 2021d; Liu et al., 
2021a, 2021b). It has been reported that excessive fluoride intake 
caused muti-organ toxicity in bones, teeth, liver, kidney, brain, and 
gonads in humans (Zhao et al., 2019; Wang et al., 2020b; Meena and 
Gupta, 2021). Due to its strong bone affinity, the majority of fluoride 
accumulates in calcified tissues in adults and leads to skeletal fluorosis, 
which is manifested by osteosclerosis, bone deformations and osteopo-
rosis (Yu et al., 2021; Solanki et al., 2022). Importantly, skeletal fluo-
rosis remains irreversible and endemic in more than 25 countries 
worldwide. Effective protective and therapeutic measures are still 
lacking (Ebrahim et al., 2019; Shankar et al., 2021). Therefore, skeletal 
fluorosis is still a severe threat to global public health and requires 
further investigation. 

In recent studies, excessive fluoride exposure has been shown to 
activate the PI3K/Akt signaling pathway, thereby leading to excessive 
proliferation and differentiation of osteoblasts and triggering osteo-
sclerotic skeletal fluorosis in vivo. An experiment was conducted to 
demonstrate that long-term exposure to fluoride inhibited the develop-
ment of chondrocytes and led to apoptosis in ducks (Wang et al., 2021). 
In addition, studies revealed that the suppression of transforming 
growth factor-beta receptor 2 (TGFBR2) and Smad3, mediated by 
fluoride-induced hyper H3K9 trimethylation, was related to the skeletal 
fluorosis process (Wei et al., 2019). However, the molecular mechanisms 
by which fluoride exposure induces bone toxicity are not sufficiently 
defined. 

Bone marrow mesenchymal stem cells (BMSCs), a kind of stem cell 
mainly isolated from bone marrow, can differentiate into a series of 
functional somatic cells, such as osteoblasts, chondrocytes, adipocytes 
and myocardial cells, making it critical for the formation and regener-
ation of bones (Lu et al., 2019). Thus, BMSCs have been widely used for 
bone toxicity studies on hazardous substances to investigate their 
harmful effects on human health and explore the detailed toxicological 
mechanism. In our previous studies, cadmium (Cd) induced BMSC 
autophagic cell death by activating the nuclear translocation of FOXO3a 
or transcription factor E3 (TFE3), contributing to Cd-mediated bone 
toxicity (Yang et al., 2016; Pi et al., 2019). Alcohol blocked osteogenic 
differentiation by inhibiting the PTEN/Akt pathway in BMSCs, which 
may be involved in alcohol-induced bone injury (Chen et al., 2019). 
Moreover, BMSCs were exposed to irradiation for 12 weeks, and the 
ratio of Runx2/PPARγ was sharply decreased compared to that in the 
control group, demonstrating that long-term irradiation partially trig-
gered BMSC-mediated bone loss and increased the bone fracture risk 
(Zou et al., 2016). Conspicuously, fluoride also inhibited osteogenic 
processes related to BMSC apoptosis (Zhang et al., 2019). Overall, the 
results from numerous previous studies suggest that BMSCs represent a 
valuable in vitro model to investigate the mechanism of fluoride-induced 
bone toxicity. 

With the rapid advances in high-throughput methods, omics tech-
niques have become efficient tools in toxicology research. Tran-
scriptomic profiling is utilized to reveal signaling pathways in response 
to toxicant exposure at the transcriptional level and identify valuable 
biomarkers in biological processes (Geng et al., 2019). Metabolomics, a 
comprehensive profiling of the small-molecule metabolites in various 
biosystems, helps to clarify the effect of various biomarkers involved in 
biological processes as well as toxicity mechanisms (Hao et al., 2019). 
Furthermore, the integration of transcriptomics and metabolomics 
provides a system-wide understanding of the genetic and metabolomic 

alterations associated with cellular physiology processes influenced by 
environmental factors (Qiao et al., 2021). Thus, the present study aimed 
to elucidate the profiles of gene and metabolite reprogramming in 
fluoride-exposed BMSCs. The findings from this study provided novel 
insights into the biological mechanisms of fluoride-induced bone 
toxicity. 

2. Materials and methods 

2.1. Chemicals and reagents 

Sodium fluoride (NaF, A10225-500 g) was purchased from Xiya 
Reagent (Shandong, China). Stock solutions were prepared in water, 
stored at room temperature and diluted in fresh medium when used. 

2.2. Cell culture 

C57BL/6J mouse BMSCs were purchased from Cyagen Biosciences 
(Guangzhou, China, MUBMX-01001). The BMSCs were cultured in 
Dulbecco’s high-glucose modified Eagle’s medium (DMEM) (Sigma, 
D629) supplemented with 10% FBS (Biological Industries, 04-001-1 A) 
and 1% penicillin/streptomycin (Gibco, 15,140-122). The BMSCs were 
incubated at 37 ◦C in a 5% CO2 humidified atmosphere. 

2.3. Cell viability 

BMSCs were seeded in 96-well plates at a density of 4000 cells per 
well and cultured overnight. Then, the BMSCs were treated with fluoride 
at concentrations of 0, 1, 2, and 4 mM for 24 h, and cell viability was 
measured by a cell counting kit-8 assay (Dojindo, Japan, CK04). Then, 
the OD value was measured at 450 nm by a microplate reader (Infinite 
M200, Tecan, Switzerland). 

2.4. Cytotoxicity assays 

The IncuCyte ZOOM Live Cell Analysis System (Essen BioScience, 
USA) was used for continuous monitoring of BMSC survival and prolif-
eration after fluoride treatment. Cells were seeded at 4000 cells/well in 
96-well plates and cultured overnight. Then, the cells were treated with 
fluoride at concentrations of 0, 1, 2, and 4 mM. Subsequently, the plates 
were scanned, and phase-contrast images were acquired in real time 
every 8 h from 0 to 24 h after treatment. The confluence per well at each 
time point was calculated by IncuCyte ZOOM software (Deng et al., 
2021). 

2.5. Transcriptome analysis 

Total RNA extraction was performed according to a previous study 
(Yue et al., 2021). Briefly, BMSCs were cultured overnight and treated 
with fluoride at 0 or 2 mM for 24 h. Then, total RNA was extracted from 
BMSCs with RNAiso Plus (Takara, 9109). Then, sequencing of total RNA 
was performed by BioNovoGene (Jiangsu, China), and 6 samples, 
including three pairs of control and fluoride-treated groups, were 
sequenced. Furthermore, the RNA concentration was monitored on 1% 
agarose gels and an Agilent 2100 Bioanalyzer, and the mRNA with a 
polyA structure in the total RNA was enriched by Oligo (dT) magnetic 
beads. Moreover, the RNA was fragmented to a length of approximately 
300 bp, and the RNA fragment was amplified by PCR to approximately 
450 bp. Next, the library quality was evaluated on an Agilent 2100 
Bioanalyzer. Finally, next-generation sequencing (NGS) was used to 
pair-end these libraries based on the Illumina sequencing platform. 

The clean reads with removed low-quality original reads were 
mapped to the reference genome using HISAT2 (http://ccb.jhu.edu/ 
software/hisat2/index.shtml). Then, HTSeq software (v 1.99.2) was 
used to quantify gene expression levels, and the differentially expressed 
genes (DEGs) between the fluoride treatment group and the control 
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group were compared. FPKM was applied to standardize the gene 
expression level, and a FPKM value >1 indicated valid expression. The R 
Programming Language DESeq software (v 3.14) was used to identify 
DEGs with the cutoff criteria of |log2 fold change| > 1 and p < 0.05. 
Volcano plots were drawn to show the overall distribution of DEGs in the 
control and fluoride-treated groups, presented as red and blue dots by 
Ggplots2 software (v 3.3.5). TopGO (v 2.14.0) was used to visualize the 
Gene Ontology (GO) enrichment results and to analyze the results with a 
variety of statistical methods. 

2.6. Immunocytochemical analysis 

Immunocytochemistry assays were performed as previously reported 
(Pi et al., 2019b). Briefly, BMSCs were cultured on coverslips overnight 
at a density of 1.5×104 cells per piece, and the cells were then treated 
with 0, 1, 2 and 4 mM fluoride for 24 h. Next, the cells were fixed with 
4% paraformaldehyde (Sigma, 16,005) for 15 min after being washed 
with PBS three times. After that, the cells were permeabilized with 
0.25% Triton X-100 for 15 min. The cells were blocked with goat serum 
(zsbio, ZLI-9022) for 30 min at room temperature and incubated with 
anti-CTSB (1:100, Invitrogen, PA5-47975) and anti-CTSD (1:100, Invi-
trogen, MA5-32127) antibodies overnight at 4 ℃. The cells were then 
rinsed and incubated with appropriate Alexa Fluor 568 secondary an-
tibodies (1:200, Life Technologies, A10042) for 1 h at room temperature 
followed by washing with PBST solution 3 times. The cells were then 
counterstained with DAPI Staining Solution (Beyotime, C1005) for 5 
min and sealed with antifade fluorescence mounting medium (Beyo-
time, P0126). The stained samples were observed by a Zeiss confocal 
laser scanning microscope (Zeiss, LSM780), and quantitative analysis 
was performed using ImageJ software (v 1.8.0). 

2.7. LysoSensor green staining 

After the BMSCs were treated with fluoride at different concentra-
tions of 0, 1, 2, and 4 mM for 24 h, the cells were incubated with 1 μM 
LysoSensor Green DND-189 (Invitrogen, L7535) for 5 min at 37 ◦C. 
Then, the cells were washed 3 times with PBS, and the fluorescence 
intensity was determined by a Zeiss confocal laser scanning microscope 
(Zeiss, LSM780). Quantitative analysis was performed using ImageJ 
software (v 1.8.0). 

2.8. Measurement of reactive oxygen species (ROS) levels 

Intracellular ROS generation was measured by 5,6-chloromethyl- 
2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Molecular 
Probes, C6827). The cells (4000/well) were plated in 96-well black 
plates and treated with 0, 1, 2, and 4 mM fluoride for 24 h. Then, the 
cells were incubated with 25 μM CM-H2DCFDA for 30 min at 37◦C. The 
cells were then washed twice with Hanks’ balanced salt solution (HBSS) 
(Beyotime, C0218). After treatment, the fluorescence intensity of the 
cells was quantified using an Infinite™ M200 Microplate Reader with 
485-nm excitation and 538-nm emission filters. 

2.9. Quantitative real-time PCR (qRT–PCR) 

Quantitative real-time PCR was performed as described previously 
(Liu et al., 2021a, 2021b). Briefly, total RNA was isolated from BMSC 
samples using RNAiso Plus (Takara, 9109) and reverse-transcribed using 
a PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time; 
TaKaRa, RR047A). Real-time PCR was performed with a Bio–Rad CFX96 
Detection System with SYBR Master Mix (Bio–Rad, USA). The primer 
sequences are listed in Table S1. 

2.10. Metabolite extraction 

A total of 100 μL of the whole target sample was mixed with 400 μL 

of acetonitrile: methanol: ddH2O (2:2:1, V: V: V), vortexed for 30 s, 
immersed in liquid nitrogen for 5 min, frozen at room temperature, and 
then centrifuged at 12000 rpm and 4 ℃ for 10 min. The supernatant was 
mixed with 100 μL of acetonitrile:0.1% FA (1:9, V: V) solution (without 
2-chlorophenylalanine). Quality control (QC) analysis was applied to 
correct the deviation caused by the sample or test system. After filtration 
on a 0.22 μM membrane, the samples were prepared for liquid chro-
matography–mass spectrometry (LC-MS) detection. Chromatographic 
separation was performed on an ACQUITY UPLC® HSS T3 column 
(150×2.1 mm, 1.8 µm, Waters) maintained at 40 ℃. Gradient elution of 
analytes was carried out with 0.1% formic acid in water (C) and 0.1% 
formic acid in acetonitrile (D) or with 5 mM ammonium formate in 
water (A) and acetonitrile (B) at a flow rate of 0.25 mL/min. After 
equilibration, 2 μL of each sample was injected. An increasing linear 
gradient of solvent B (v/v) was applied as follows: 0-1 min, 2% B/D; 1-9 
min, 2%-50% B/D; 9-12 min, 50%-98% B/D; 12-13.5 min, 98% B/D; 
13.5-14 min, 98%-2% B/D; and 14-20 min, 2% D-positive model (14-17 
min, 2% B-negative model). The temperature of the autosampler was 8 
℃. The ESI-MSn experiments were performed according to a previous 
study (Monnerat et al., 2018; Abdelhafez et al., 2020). 

2.11. Liquid chromatography–mass spectrometry (LC/MS) 

ProteoWizard software (v3.0.8789) was applied to convert the raw 
data into the MzXML format. The XCMS Package of R (v 3.3.2) was 
applied for peak identification, peak filtration, and peak alignment and 
to obtain a data matrix including the mass-to-charge ratio (m/z), 
retention time (rt) and intensity information. Multivariate statistical 
analysis, including principal component analysis (PCA), partial least 
squares discriminant analysis (PLS-DA), and orthogonal partial least 
squares discriminant analysis (OPLS-DA), were performed using SIMCA- 
P (v 13.0). In OPLS-DA, the VIP > 1 and p < 0.05 determined using one- 
way ANOVA or p < 0.05 determined using two-way ANOVA were the 
criteria for determining significance. 

2.12. Enrichment, pathway and network analyses of the transcriptome 
and metabolome 

In this study, the DEGs and differentially abundant metabolites 
(DAMs) were used for enrichment and pathway analysis of the GO 
(http://bioinfo.cau.edu.cn/agriGO/) and KEGG (https://www. kegg.jp/ 
kegg/pathway.htmL) results. To analyze the relationships between 
DEGs and DAMs in BMSCs under fluoride treatments, the DEGs and 
DAMs were mapped to the KEGG pathway data to construct a heatmap 
for the correlation analysis. Finally, the integrated network analysis of 
DEGs and DAMs was performed using Cytoscape software (v 3.1.1). 

2.13. Statistics 

All data are expressed as the mean ± SEM, and each experiment was 
performed at least three times. Statistical analysis was performed in 
GraphPad Prism 8.0 (GraphPad software, USA), and the 2-tailed Stu-
dent’s t test or one-way ANOVA followed by Dunn’s post-hoc test was 
performed. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Fluoride treatment inhibited BMSC proliferation 

We assessed the toxic effect of fluoride exposure on BMSC prolifer-
ation for 24 h and the half maximal inhibitory concentration (IC50) was 
calculated to be 2.795 mM (Fig. 1A), and the survival rate of BMSCs was 
significantly reduced after 2 and 4 mM fluoride treatment for 24 h 
(Fig. 1B). Then, we used an IncuCyteZOOM system to observe the 
morphology of BMSCs exposed to fluoride at various doses for 0, 8, 16, 
and 24 h in vitro. As shown in Figs. 1C and 1D, cell confluence was 
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Fig. 1. Fluoride exposure inhibited the viability of BMSCs. (A-B) The IC50 values and viability of BMSCs treated with fluoride at different concentrations for 24 h 
were determined using a CCK-8 assay. (C-D) Alterations in the morphology and confluence of BMSCs treated with fluoride at different concentrations (0, 1, 2, and 
4 mM) for 0 h, 8 h, 16 h or 24 h were observed. The values are presented as the means ± SEM. * p < 0.05 and ** p < 0.01 versus the control group (n = 4). 
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significantly decreased after 2 and 4 mM fluoride treatment for 16 h and 
24 h. Overall, these results indicated that fluoride reduced BMSC pro-
liferation in a concentration- and time-dependent manner. 

3.2. Transcriptomic profiling analysis of fluoride-treated BMSCs 

To illustrate the underlying mechanisms and related molecular 

events of fluoride toxicity in BMSCs, RNA-seq-based transcriptome 
analysis was used to identify DEGs after 2 mM fluoride treatment. The 
PCA results showed obvious variations in the transcripts between the 
control group and the 2 mM fluoride-treated group (Fig. 2A). Compared 
to the control group, a total of 165 upregulated genes and 32 down-
regulated genes in the fluoride-treated group were detected, and the 
criteria of p < 0.05 and a fold change cutoff criterion > 2 were assigned 

Fig. 2. “Lysosome” was the top enriched KEGG signaling pathway in the transcriptomics data. (A) PCA score plot of the transcriptomic profile in the control and 
2 mM fluoride-treated groups. (B) Volcano plots of DEGs between the control group and the 2 mM fluoride-exposed group. (C) Top 20 enriched KEGG 
signaling pathways. 
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as significant changes (Fig. 2B). To explore biological process alterations 
in fluoride-exposed BMSCs, we conducted a pathway-based analysis by 
applying the KEGG database (p < 0.05). The KEGG database revealed 
that the DEGs were involved in numerous biological processes in 
organismal systems, including lysosome, focal adhesion, and regulation 
of actin cytoskeleton in cellular processes, extracellular matrix (ECM)- 
receptor interactions, VEGF signaling, cell adhesion molecules (CAMs), 
MAPK signaling, calcium signaling, Hippo signaling, Rap1 signaling, 
and PI3K-Akt signaling in environmental information processing, fluid 
shear stress and atherosclerosis, hepatocellular carcinoma, pathways in 
cancer, breast cancer, platinum drug resistance, chemical carcinogen-
esis, microRNAs in cancer, human papillomavirus infection, gastric 
cancer, Cushing’s syndrome, basal cell carcinoma in human diseases, 
drug metabolism-other enzymes, glutathione metabolism, drug 
metabolism-cytochrome P450, metabolism of xenobiotics by cyto-
chrome P450, sphingolipid metabolism, amino sugar and nucleotide 
sugar metabolism, mineral absorption and PPAR signaling (Fig. 2C). 

3.3. Fluoride treatment impaired lysosomal function in BMSCs 

The lysosomal pathway functions in transport and catabolism in the 
cell. Because this pathway was the top enriched pathway identified in 
the KEGG analysis, we determined whether fluoride inhibited the lyso-
somal function of BMSCs. After the BMSCs were treated with fluoride at 
1, 2 and 4 mM for 24 h, we performed RT-qPCR to determine the rela-
tive mRNA levels of the LAMP 1 and LAMP 2 genes, which play crucial 
roles in maintaining the structural integrity of the lysosomal compart-
ment. Although the LAMP 1 gene was upregulated, the LAMP 2 gene was 
downregulated, indicating that lysosomal membrane integrality was 
impaired by 2 and 4 mM fluoride (Fig. 3A-B). Moreover, the lysosomal 
pH variation was evaluated using LysoSensorTM Green DND-189 stain-
ing, and we found that fluoride at 2 and 4 mM significantly decreased 
the LysoSensor signal and increased the lysosomal pH (Fig. 3C and D). 
Cathepsin B (CTSB) and cathepsin D (CTSD) are major proteolytic en-
zymes in lysosomes and are involved in protein degradation in physio-
logical and pathological processes. After 2 and 4 mM fluoride treatment, 
the CTSB fluorescence signal, but not the CTSD signal, was obviously 
decreased compared to that in the control group (Fig. 3E-F and Fig. S1). 
Overall, these results indicated that fluoride perturbed the lysosomal 
function of BMSCs by disrupting lysosomal structural integrity and 
acidifying the lysosomal compartment. 

3.4. Fluoride treatment increased the expression of lysosomal-related 
genes in BMSCs 

We then performed RT–qPCR to detect the relative mRNA levels of 
the Atp6v0b, Gla, Neu1, Gnptg, Idua and Mcoln1 genes related to the 
lysosomal pathway that were identified in the KEGG analysis of tran-
scriptome data (Fig. 4A). The relative Atp6v0b and Gla mRNA levels 
were significantly upregulated in BMSCs treated with 2 and 4 mM 
fluoride compared to the control group (Fig. 4B and E), whereas the 
Neu1, Gnptg, Idua and Mcoln1 mRNA levels were significantly upregu-
lated in the 4 mM fluoride treatment group compared to the control 
group (Fig. 4C-D and F-G). These results suggested that treatment with 
2 mM fluoride disturbed lysosomal function and upregulated the 
expression of the Atp6v0b and Gla genes. These two genes encode a 
component of vacuolar H+-ATPase (V-ATPase) that mediates lysosomal 
acidification and a homodimeric glycoprotein that hydrolyses the ter-
minal α-galactosyl moieties from glycolipids and glycoproteins, 
respectively. 

3.5. Fluoride treatment disturbed BMSC metabolism 

To explore the differences in perturbed metabolites and metabolic 
pathways in BMSCs between the 2 mM fluoride-treated group and the 
control group, LC/MS was applied to produce reliable metabolomic data 

with definitive strong signals, large peak capacities, and reproducible 
retention times in total ion chromatography (TIC). A total of 19128 ion 
peaks were detected, and 254 kinds of metabolites were identified in 
BMSCs. Then, unsupervised multivariate statistics PCA showed that the 
metabolite profiles were separated among the fluoride-treated groups 
and control groups (Fig. 5A). Supervised multivariate statistics OPLS-DA 
and PLS-DA further indicated that the model was reliable, with signifi-
cant differences being observed between the experimental groups and 
control groups in both the positive and negative modes. Next, the 
fragment information obtained from the MS/MS mode was further 
matched and annotated in online databases to obtain accurate infor-
mation on metabolites. According to the classification of metabolites in 
the online KEGG database, the substances were classified as carbohy-
drates, energy, lipids, nucleotides, amino acids, xenobiotics, peptides, 
cofactors, and vitamins (Fig. 5B). The hierarchical clustering heatmap 
presented 20 DAMs (10 upregulated metabolites and 10 downregulated 
metabolites) based on the criteria of a VIP > 1.0 and p < 0. 05 (Fig. 5C). 
The Z score (standard score) was applied to show trends of changes in 
the relative contents of DAMs in the control and fluoride-treated groups 
(Fig. 5D). Disturbed metabolic pathways, including glutathione meta-
bolism; D-glutamine and D-glutamate metabolism; and alanine, aspar-
tate, glutamate, arginine, and proline metabolism, are presented in the 
bubble diagram (Fig. 5E) and were identified in the KEGG pathway 
analysis. Moreover, the MetPA database in MetaboAnalyst was used to 
perform a network analysis in which the DAMs were mainly clustered in 
these metabolic pathways, including D-glutamine and D-glutamate 
metabolism; alanine, aspartate and glutamate metabolism; and arginine 
and proline metabolism (Fig. 5F). 

3.6. Gene-to-metabolite networks of BMSCs in response to fluoride 

To explore the systemic mechanism of fluoride-induced bone 
toxicity, a total of 197 DEGs and 20 DAMs were subjected to integrated 
analysis with p < 0.05 as determined by the Pearson correlation value, 
and the correlations and significance among DEGs and DAMs are shown 
in Fig. S3A. Most of the DEGs were positively correlated with maleic 
acid, palmitic acid, prostaglandin B2, 15-deoxy-d-12,14-PGJ2 and 
prostaglandin C2, while pyridoxal phosphate, L-glutamic acid, pyro-
glutamic acid, L-glutamine and L-lysine were negatively correlated with 
the DEGs. As shown in Fig. S3B, the altered genes and metabolites were 
combined to produce integrative signaling networks with Cytoscape (v 
3.1.1). Notably, those DAMs and DEGs were mainly clustered in the 
metabolic pathways of protein digestion and absorption, glutathione 
metabolism, and mineral absorption. These data are consistent with the 
results from KEGG pathway enrichment analysis (Figs. S4–6). 

3.7. Integrated analysis of lysosomal-related genes and metabolomics 
data 

To investigate biomarkers and metabolic pathways that potentially 
affect lysosomal function, we further conducted integrated analysis of 
lysosomal-related genes with DAMs based on the previously reported 
analytical method. Results indicated that metabolites including palmitic 
acid, prostaglandin C2 and prostaglandin B2 were positively correlated 
with the Atp6v0b gene, suggesting that these metabolites and the 
Atp6v0b gene are involved in fluoride-induced lysosomal dysfunction in 
BMSCs (Fig. 6A). Moreover, the contents of palmitic acid, prostaglandin 
C2 and prostaglandin B2 were increased in 2 mM fluoride-exposed 
BMSCs compared to the control group as determined by metabolomics 
profiling (Fig. 6B). 

4. Discussion 

In our study, we performed in vitro experiments and multiomics 
analysis to explore the toxic effects of fluoride exposure on BMSCs. We 
found that fluoride reduced the proliferation and survival of BMSCs. 
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Fig. 3. Fluoride exposure led to lysosomal dysfunction in BMSCs. (A-B) Relative LAMP 1 and LAMP 2 mRNA levels in BMSCs treated with fluoride at different 
concentrations for 24 h. The levels of LAMP 1 and LAMP 2 were normalized to the corresponding levels of ACTB. (C-D) Representative image of LysoSensor fluo-
rescence staining and quantification of the LysoSensor fluorescence intensity in BMSCs treated with fluoride at different concentrations for 24 h. (E-F) Representative 
image of CTSB fluorescence staining and quantification of the CTSB fluorescence signaling intensity in BMSCs treated with fluoride at different concentrations for 
24 h. The values are presented as the means ± SEM; * p < 0.05 and ** p < 0.01 versus the control group (n = 4). 
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Fig. 4. Fluoride exposure upregulated the expression of Atp6v0b and Gla in BMSCs. (A) Genes enriched in the lysosome pathway according to the transcriptomic 
data. (B-G) Relative mRNA levels of Atp6v0b, Neu1, Gnptg, Gla, Idua, and Mcoln1. The values are presented as the means ± SEM; * p < 0.05 and ** p < 0.01 versus the 
control group (n = 4). 
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Fig. 5. Fluoride exposure mainly disturbed glutathione metabolism. (A) PCA score plot of the metabolic profiles of the control and 2 mM fluoride-treated groups. (B) 
Functional classification of total metabolites in BMSCs according to the KEGG database. (C) Heatmap of the hierarchical clustering analysis of 20 DAMs between the 
control and 2 mM fluoride-treated groups. (D) Z score plot showing the alterations of metabolite contents. (E) Metabolic pathways related to changed metabolites in 
fluoride-treated BMSCs, as determined using KEGG enrichment analysis. (F) Network diagram of the metabolic pathways in BMSCs exposed to fluoride (n = 6). 
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Transcriptomics analyses indicated that “lysosome” was the top 
enriched term in the KEGG pathway analysis. Further experiments 
demonstrated that fluoride impaired lysosomal function and upregu-
lated genes involved in the lysosomal pathway. Glutathione metabolism 
was a hub pathway affected in fluoride-exposed BMSCs. Alterations in 
palmitic acid and prostaglandin metabolism were most significantly 
associated with the fluoride-induced disruption of lysosomal function, as 
determined by the validated integrative analysis. These results demon-
strated the superiority of multiomics integrative analyses to elucidate 
toxicity effects and injury mechanisms in fluoride-induced bone toxicity. 

The bone toxicity caused by fluoride exposure has become a hot topic 
over the past twenty years, but the related biological mechanism re-
mains elusive. Due to their high susceptibility to fluoride exposure 
(Jiang et al., 2020), strong regenerative capacity (Faruk et al., 2021), 
and potential for differentiation into bone, BMSCs have become an 
attractive cell model for investigating bone toxicity. Recent studies 
suggested that the proliferation and survival of BMSCs were substan-
tially reduced after exposure to 32 mg/L (approximately 1.68 mM) 
fluoride for 7 days (Jiang et al., 2020). Moreover, exposure to 5 mM 
fluoride for 12 h consistently reduced the viability of BMSCs (Bhawal 
et al., 2020). Based on previous studies and the IC50 of fluoride exposure 
in our study, we employed BMSCs exposed to 2 mM fluoride, which 
represented a lower concentration than that used in the aforementioned 
studies, as a cell model and then utilized multiomics methods to observe 
the effects and mechanisms of fluoride-induced bone toxicity. 

It has been reported that fluoride altered the expression levels of 
genes involved in biological processes associated with bone develop-
ment pathways. Likewise, 2632 transcripts associated with oxidative 

stress, inflammation, osteoblastic differentiation, and bone development 
pathways were reported to be significantly altered in fluoride-treated 
HOS cells (Gandhi et al., 2017). Interestingly, our study showed that 
fluoride exposure resulted in a significant alteration in the expression of 
genes involved in the ECM-receptor interaction, VEGF signaling 
pathway, and cell adhesion molecules (CAMs) from the transcriptomic 
analysis of KEGG pathways. Thus, our finding is consistent with previous 
studies showing that ECM-receptor interactions, the VEGF signaling 
pathway, and CAMs are related to osteoblastic differentiation and 
degradation of the extracellular matrix. Previous studies have docu-
mented the pathogenic roles of fluoride in suppressing osteoblast be-
haviors and promoting degradation of the ECM. In a recent study, 
chronic fluoride exposure in vivo led to histopathological alterations and 
bone injuries by activating the PI3K/AKT signaling pathway (Wang 
et al., 2020a, 2020b). Zhu et al. indicated that fluoride inhibited the 
MAPK/Hippo signaling pathway and reduced the transcriptional activ-
ity of the key effector molecule YAP, subsequently decreasing bone 
strength and impairing bone trabecular structure (Zhu et al., 2019). In 
our study, the DEGs from transcriptomics profiles were also enriched in 
these pathways, including ECM-receptor interactions, the Hippo 
signaling pathway, the MAPK signaling pathway, and the PI3K-Akt 
signaling pathway. Based on these data, fluoride induced the alter-
ation of these pathways as well as pathway-related genes in BMSCs. 

It has been reported that fluoride induced intracellular organelle 
damage including disruption of mitochondrial membrane integrity 
(Liang et al., 2020; Zhou et al., 2020), induction of endoplasmic retic-
ulum (ER) stress (Niu et al., 2018; Li et al., 2022) and DNA damage 
(Fujiwara et al., 2021; Radovanović et al., 2021), as well as interference 

Fig. 6. Alterations in palmitic acid and prostaglandin metabolism were significantly associated with lysosomal function. (A) Clustering analysis heatmap of Atp6v0b 
and DAMs in the metabonomic profiles. (B) Relative intensities of palmitic acid, prostaglandin C2, and prostaglandin B2 in the metabonomic profiles. * p < 0.05 and 
** p < 0.01 versus the control group (n = 6). 
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with inter-organellar communication or crosstalk (Liang et al., 2020b). 
Notably, the “lysosome” pathway was the most enriched in the KEGG 
enrichment pathway transcriptomics analyses in our model. Lysosomes 
widely exist in eukaryotic cells and sustain intracellular homeostasis by 
eliminating cellular debris, damaged organelles and invading microor-
ganisms. Recent studies have recognized that fluoride exposure leads to 
lysosomal dysfunction attributed to dysmorphic morphology containing 
aggregates and then causes tubulopathy (Rodrigo et al., 2021). Recently, 
fluoride exposure was shown to affect the expression of piwi-interaction 
RNAs (piRNAs) and the lysosomal signaling pathway, which led to 
failure in the fertilization process (Jiang et al., 2019; Li et al., 2021a, 
2021b, 2021c, 2021d). Taken together, lysosome is a critical target 
organelle in fluoride toxicity. 

The LAMP 1/LAMP 2 genes were reported to encode membrane 
glycoproteins involved in the protection, maintenance, and adhesion of 
lysosomes (Terasawa et al., 2021). The accumulation of lysosome-like 
structures or acidic vacuoles, as well as the increased expression of 
LAMP 1, have been reported in fluoride bone toxicity. Consistent with 
this previous study, we also observed an increase in the expression of the 
LAMP 1 gene, further confirming that injured bone cells accumulate 
lysosomes and lysosome-like structures. CTSB/CTSD were essential 
proteases that regulated proteolytic activity in the lysosome lumen, and 
loss of CTSB/CTSD may decrease lysosomal hydrolysis and result in the 
accumulation of different extracellular proteins implicated in cellular 
damage (Man and Kanneganti, 2016; Di Spiezio et al., 2021). Moreover, 
the acidic environment in lysosome provided an optimal microenvi-
ronment for various hydrolytic enzymes to facilitate the degradation of 
proteins and damaged organelles. An increased pH disrupted the acidic 
environment of the lysosomal lumen, thus affecting the degradation 
capacity of lysosomes (Liu et al., 2018; Hadi et al., 2021). Han et al. 
suggested that fluoride exposure elevated the lysosomal pH and 
diminished CTSD activity and expression, thus reducing the lysosomal 
degradation capacity (Han et al., 2022). Consistent with the findings 
mentioned above, our results indicated that fluoride exposure inhibited 
lysosomal function by decreasing the expression levels of CTSB and 
increasing the pH in the lysosome lumen. Hence, lysosomal dysfunction 
is a key factor contributing to fluoride-induced BMSC injury and bone 
toxicity. 

Interestingly, although lysosomal function was compromised after 
fluoride treatment, the expression of lysosomal-related genes, including 
Atp6v0b and Gla, was increased. Studies reported that the Atp6v0b gene 
encoded a component of the proton pump V-ATPase, which consumed 
ATP and transported hydrogen ions to lysosomes, maintaining acidifi-
cation in the lysosome lumen (Li et al., 2021a, 2021b, 2021c, 2021d). 
The evidence supported that fluoride may increase the lysosomal 
luminal pH by inhibiting the expression of V-ATPase, whereas the 
fluoride-induced reduction in V-ATPase expression was mitigated by 
Ad-V-ATPase B2, which ensured the normal acidification of the envi-
ronment required for the lysosomal degradation process (Han et al., 
2022). Surprisingly, Atp6v0b expression was upregulated after fluoride 
exposure in the present study, which may be inconsistent with published 
findings. Moreover, our previous studies indicated that nuclear trans-
location of transcription factor EB (TFEB) increased the expression of 
lysosome-related genes in response to lysosomal stress, which we 
viewed as a compensatory response to rescue Cd-triggered neurotoxicity 
(Li et al., 2016; Pi et al., 2017). Therefore, we speculate that upon the 
fluoride-induced inhibition of lysosome function, MiT/TFE 
helix-loop-helix subfamily proteins may mobilize into the nucleus and 
lead to a compensatory lysosomal biogenesis transcriptional response. 
The elucidation of the mechanistic details requires further research. 

Previous studies have indicated significant alterations in serum 
levels of metabolites, including nicotinamide, adenosine, 1-oleoyl-sn- 
glycero-3-phosphocholine (OGPC), 1-stearoyl-sn-glycerol 3-phos-
phocholine (SGPC), urea, betaine and N2-acetyl-L-ornithine, in rats in 
response to fluoride treatment (Yue et al., 2020). However, our 
metabonomic profile indicated that the metabolites that are mainly 

involved in glucose metabolism, glutathione metabolism, and fatty acid 
metabolism were significantly disturbed in fluoride-treated BMSCs, 
which may not be fully consistent with the previous study. Because our 
study was conducted to determine the relationship between fluorosis 
and metabolites at the cellular level, further in vivo verification in an 
animal model is needed in the future. Fluoride inhibits the activities of 
enzymes that participate in glycolysis and cellular respiration pathways 
across various organism models, and most of the metabolites derived 
from the glycolysis process are disturbed by fluoride exposure (Stapleton 
et al., 2017; Manome et al., 2019; Maheshwari et al., 2021). Interest-
ingly, in the metabolomic profiles, the increased contents of glyceric 
acid, 1,3-biphosphate glyceric acid, and phosphoenolpyruvic acid indi-
cated that fluoride may disturb the glycolysis process in BMSCs, which is 
related to glucose metabolism. Glutathione is a tripeptide composed of 
glutamic acid, cysteine and glycine and exists in almost every cell in the 
body to maintain the redox balance via antioxidant and integrated 
detoxification effects. According to recent findings, fluoride exposure 
significantly decreases the activities of the antioxidant enzymes gluta-
thione S-transferases (GST), catalase (CAT), superoxide dismutase 
(SOD), and glutathione peroxidase (GPx), as well as the concentration of 
the glutathione tripeptide, which may cause imbalances in the cellular 
redox status in bone tissue (Zheng et al., 2020; Sharma et al., 2021). In 
addition, fluoride induces the excess production of superfluous reactive 
oxygen species (ROS) and oxidative stress in BMSCs (Fig. S2), and our 
findings indicated that fluoride exposure decreased the contents of 
metabolites that were enriched in the glutathione metabolism pathway, 
revealing that changes in glutathione metabolism may increase oxida-
tive stress-induced damage in fluoride-treated BMSCs. Additionally, 
palmitic acid was recently reported to modulate the differentiation, 
function, and survival of osteoblasts in vitro. Studies conducted by Al 
Saediet et al. revealed that the exposure of osteoblasts to palmitic acid 
induced autophagy failure and inhibited autophagosome formation, 
contributing to palmitic acid-induced lipotoxicity (Al Saedi et al., 2019). 
Consistent with these previous studies, our results also showed that 
palmitic acid levels were increased by fluoride, suggesting that 
increased palmitic acid levels may participate in fluoride-triggered 
BMSC damage. Collectively, the metabolomics results suggest that 
glycolysis failure in glucose metabolism, glutathione metabolism dis-
order and the accumulation of palmitic acid in fatty acid metabolism 
may contribute to BMSC toxicity induced by fluoride exposure. 

A set of studies has suggested that fluoride exposure increases 
cellular dysfunction, which was reversed by different antioxidants. Re-
searchers have concluded that fluoride induces oxidative stress- 
mediated apoptosis in intestinal epithelial cells by inhibiting gluta-
thione biosynthesis. However, a methanol extract of coconut haustorium 
improved glutathione biosynthesis to prevent fluoride-induced toxicity 
in IEC-6 cells by enhancing the enzymatic activity of γ-glutamyl cysteine 
synthetase (γGCS) and glutathione synthetase (GS) (Job et al., 2021). 
Moreover, pycnogenol antagonizes fluoride-induced kidney damage by 
maintaining lysosomal dysfunction in vivo (Arhima et al., 2004). 
Considering the aforementioned findings, glutathione depletion and 
lysosomal dysfunction in BMSCs may conceivably serve as potential 
targets for antioxidants to treat fluoride-induced bone toxicity. 

A subsequent integrative analysis revealed a possible mechanism of 
fluoride-induced bone toxicity deserves our attention. Recent studies 
suggested that palmitic acid induces cell cycle arrest at G2/M phase in 
hBMSCs via a p53/p21-dependent pathway (Lin et al., 2019). Subse-
quently, the activated AMPK pathway antagonizes ER stress in hMSCs 
and cell death induced by palmitate exposure (Lu et al., 2012). In 
addition, exposure to prostaglandin B2 and prostaglandin C2 is associ-
ated with an inflammatory response in MSCs (Van den Berk et al., 2014). 
In our study, the expression of the lysosome-related gene Atp6v0b was 
positively associated with the DAMs palmitic acid, prostaglandin C2 and 
prostaglandin B2, which were detected at higher levels after fluoride 
exposure, indicating that alterations in palmitic acid and prostaglandin 
metabolism were significantly associated with fluoride-induced 
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lysosomal dysfunction in BMSCs. 

5. Conclusions 

In summary, the present study indicated that fluoride exposure 
disturbed metabolite levels and led to lysosomal dysfunction and bone 
toxicity in BMSCs. Our study was the first to reveal the toxic effect of 
fluoride exposure on BMSCs by applying multiomics technology and 
provided new insights into the mechanism of fluoride-induced bone 
toxicity. Our findings indicated that fluoride increased the expression 
levels of genes involved in the lysosomal pathway but led to lysosomal 
dysfunction and bone toxicity in BMSCs. Subsequently, the metabo-
nomic profile revealed that glutathione metabolism was significantly 
disturbed in fluoride-treated BMSCs. Notably, the integrative analysis 
indicated that DAMs, including palmitate, prostaglandin B2, and pros-
taglandin C2, showed strong correlations with lysosome, which implied 
potential directions for bone toxicity research using fluoride. Since we 
did not detect changes in the levels of genes and metabolites in vivo in 
this study, further research should be conducted using fluoride-exposed 
animal models. The multiomics investigation in the present study sup-
ported the hypothesis that fluoride exerts toxicity at the systemic level. 
Our present study thus highlights the importance of controlling fluoride 
exposure at the population level. 
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in drinking water, diet, and urine in relation to bone mineral density and fracture 
incidence in postmenopausal women. Environ. Health Perspect. 129, 47005. 

Jiang, N., Guo, F., Sun, B., Zhang, X., Xu, H., 2020. Different effects of fluoride exposure 
on the three major bone cell types. Biol. Trace Elem. Res. 193, 226–233. 

Jiang, S., Liang, C., Gao, Y., Liu, Y., Han, Y., Wang, J., Zhang, J., 2019. Fluoride exposure 
arrests the acrosome formation during spermatogenesis via down-regulated Zpbp1, 
Spaca1 and Dpy19l2 expression in rat testes. Chemosphere 226, 874–882. 

Job, J.T., Rajagopal, R., Alfarhan, A., Ramesh, V., Narayanankutty, A., 2021. Toxic 
effects of fluoride in intestinal epithelial cells and the mitigating effect of methanol 
extract of coconut haustorium by enhancing de novo glutathione biosynthesis. 
Environ. Res. 200, 111717. 

Khattak, J.A., Farooqi, A., Hussain, I., Kumar, A., Singh, C.K., Mailloux, B.J., Bostick, B., 
Ellis, T., van Geen, A., 2022. Groundwater fluoride across the Punjab plains of 
Pakistan and India: distribution and underlying mechanisms. Sci. Total Environ. 806, 
151353. 

Li, A., Wang, Y., He, Y., Liu, B., Iqbal, M., Mehmood, K., Jamil, T., Chang, Y.F., Hu, L., 
Li, Y., Guo, J., Pan, J., Tang, Z., Zhang, H., 2021a. Environmental fluoride exposure 
disrupts the intestinal structure and gut microbial composition in ducks. 
Chemosphere 277, 130222. 

Li, M., Feng, J., Cheng, Y., Dong, N., Tian, X., Liu, P., Zhao, Y., Qiu, Y., Tian, F., Lyu, Y., 
Zhao, Q., Wei, C., Wang, M., Yuan, J., Ying, X., Ren, X., Yan, X., 2022. Arsenic- 
fluoride co-exposure induced endoplasmic reticulum stress resulting in apoptosis in 
rat heart and H9c2 cells. Chemosphere 288, 132518. 

Li, M., Pi, H., Yang, Z., Reiter, R.J., Xu, S., Chen, X., Chen, C., Zhang, L., Yang, M., Li, Y., 
Guo, P., Li, G., Tu, M., Tian, L., Xie, J., He, M., Lu, Y., Zhong, M., Zhang, Y., Yu, Z., 
Zhou, Z., 2016. Melatonin antagonizes cadmium-induced neurotoxicity by activating 
the transcription factor EB-dependent autophagy-lysosome machinery in mouse 
neuroblastoma cells. J. Pineal. Res. 61, 353–369. 

Li, X., Jiang, J., Yang, Z., Jin, S., Lu, X., Qian, Y., 2021b. Galangin suppresses RANKL- 
induced osteoclastogenesis via inhibiting MAPK and NF-κB signalling pathways. 
J. Cell. Mol. Med. 25, 4988–5000. 

Li, Y., Bi, Y., Mi, W., Xie, S., Ji, L., 2021c. Land-use change caused by anthropogenic 
activities increase fluoride and arsenic pollution in groundwater and human health 
risk. J. Hazard. Mater. 406, 124337. 

Li, Y., Min, C., Zhao, Y., Wang, J., Wang, J., 2021d. Effects of fluoride on PIWI- 
interacting RNA expression profiling in testis of mice. Chemosphere 269, 128727. 

H. Wang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.ecoenv.2022.113672
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref1
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref1
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref1
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref1
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref2
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref2
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref2
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref2
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref3
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref3
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref4
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref4
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref5
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref5
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref5
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref5
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref6
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref6
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref6
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref6
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref7
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref7
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref7
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref7
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref8
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref8
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref8
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref8
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref9
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref9
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref9
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref9
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref10
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref10
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref10
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref10
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref11
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref11
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref11
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref12
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref12
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref12
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref13
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref13
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref13
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref14
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref14
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref14
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref14
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref15
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref15
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref15
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref16
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref16
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref16
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref16
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref16
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref17
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref17
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref17
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref18
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref18
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref18
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref18
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref19
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref19
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref19
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref20
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref20
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref21
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref21
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref21
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref22
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref22
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref22
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref22
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref23
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref23
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref23
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref23
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref24
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref24
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref24
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref24
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref25
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref25
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref25
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref25
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref26
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref26
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref26
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref26
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref26
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref27
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref27
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref27
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref28
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref28
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref28
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref29
http://refhub.elsevier.com/S0147-6513(22)00512-7/sbref29


Ecotoxicology and Environmental Safety 239 (2022) 113672

13

Liang, C., Gao, Y., He, Y., Han, Y., Manthari, R.K., Tikka, C., Chen, C., Wang, J., 
Zhang, J., 2020. Fluoride induced mitochondrial impairment and PINK1-mediated 
mitophagy in Leydig cells of mice: In vivo and in vitro studies. Environ. Pollut. 256, 
113438. 

Lin, J.H., Ting, P.C., Lee, W.S., Chiu, H.W., Chien, C.A., Liu, C.H., Sun, L.Y., Yang, K.T., 
2019. Palmitic acid methyl ester induces G (2)/M arrest in human bone marrow- 
derived mesenchymal stem cells via the p53/p21 pathway. Stem Cells Int. 2019, 
7606238. 

Liu, B., Palmfeldt, J., Lin, L., Colaço, A., Clemmensen, K., Huang, J., Xu, F., Liu, X., 
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