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Abstract
Introduction: For investigating the mechanism of brain injury caused by chronic fluo-
rosis, this study was designed to determine whether NRH:quinone oxidoreductase 
2 (NQO2) can influence autophagic disruption and oxidative stress induced in the 
central nervous system exposed to a high level of fluoride.
Methods: Sprague–Dawley rats drank tap water containing different concentrations 
of fluoride for 3 or 6 months. SH-SY5Y cells were either transfected with NQO2 RNA 
interference or treated with NQO2 inhibitor or activator and at the same time exposed 
to fluoride. The enrichment of gene signaling pathways related to autophagy was 
evaluated by Gene Set Enrichment Analysis; expressions of NQO2 and autophagy-
related protein 5 (ATG5), LC3-II and p62, and mammalian target of rapamycin (mTOR) 
were quantified by Western-blotting or fluorescent staining; and the levels of malon-
dialdehyde (MDA) and superoxide dismutase (SOD) assayed biochemically and reac-
tive oxygen species (ROS) detected by flow cytometry.
Results: In the hippocampal CA3 region of rats exposed to high fluoride, the morpho-
logical characteristics of neurons were altered; the numbers of autophagosomes in 
the cytoplasm and the levels of NQO2 increased; the level of p-mTOR was decreased, 
and the levels of ATG5, LC3-II and p62 were elevated; and genes related to autophagy 
enriched. In vitro, in addition to similar changes in NQO2, p-mTOR, ATG5, LC3 II, 
and p62, exposure of SH-SY5Y cells to fluoride enhanced MDA and ROS contents 
and reduced SOD activity. Inhibition of NQO2 with RNAi or an inhibitor attenuated 
the disturbance of the autophagic flux and enhanced oxidative stress in these cells 
exposed to high fluoride.
Conclusion: Our findings indicate that NQO2 may be involved in regulating autophagy 
and oxidative stress and thereby exerts an impact on brain injury caused by chronic 
fluorosis.
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1  |  INTRODUC TION

It has long been known that fluoride can penetrate the blood–brain 
barrier and damage neuronal cells, thereby causing impairment of 
learning and memory.1–4 However, the molecular mechanism(s) un-
derlying the effects of endemic (chronic) fluorosis on the central 
nervous system (CNS) remain to be elucidated.

In this context, on the basis of accumulating evidence is it now 
becoming widely accepted that an enhanced level of oxidative 
stress may be involved.5,6 The brains of experimental animals ex-
posed to chronic fluorosis contain elevated levels of metabolites 
indicative of oxidative stress, such as malondialdehyde (MDA), 
carbonylated proteins, and 8-hydroxy-deoxyguanine in DNA, as 
well as reduced activities of antioxidant enzymes such as super-
oxide dismutase (SOD), glutathione peroxidase and catalase.7–9 
Moreover, antioxidants effectively alleviate the neuropathological 
damage and dysfunction resulting from fluorosis.10,11 Thus, there 
is now considerable focus on determining how excess fluoride in 
brain tissue enhances the level of oxidative stress, as well as the 
consequences of this enhancement.

Autophagy mediated by lysosomes plays a key role in the main-
tenance of cellular homeostasis through the strictly regulated deg-
radation and recycling of cellular components.12 In eukaryotic cells, 
the autophagic program is responsible for removing damaged or-
ganelles and abnormal proteins13 and under varying stressful con-
ditions, the survival of neuronal cells is dependent on this process.14 
Thus, in addition to its central involvement in the development and 
normal functioning of brain cells, impairment of autophagy is almost 
always involved in brain injury as well.15–17

Interestingly, the reactive oxygen species (ROS) that give rise to 
oxidative stress can induce autophagy and, at the same time, auto-
phagy can alleviate the damage caused by oxidative stress. When 
silver nanoparticles (which, due to their antimicrobial activity, are 
the nanomaterial used most commonly in commercial products) are 
taken up by murine pro-B cells (Ba/F3), accumulation of autophago-
somes occurs via a process involving activation of mammalian target 
of rapamycin (mTOR) signaling by ROS.18 In addition, when autoph-
agy is induced in CNE-2Z cells with Earle's balanced salt solution, this 
process could be inhibited through the suppression of ROS genera-
tion by the antioxidant N-acetyl-l-cysteine.19 Moreover, autophagy 
is triggered by the oxidative stress induced by 6-hydroxydopamine/
ascorbic acid, which is a survival mechanism in the lesions of 
Parkinson's disease (PD).20 In a study, euxanthone attenuated the 
impairment of memory and spatial learning induced by β-amyloid 
peptide (Aβ) in an animal model of Alzheimer's disease (AD) and also 
protected the neuroblastic PC12 cells against Aβ-induced oxidative 
stress by promoting autophagy.21 Moreover, it was recently demon-
strated that both the extent of apoptosis and level of autophagy in 
retinal astrocytes (RACs) are positively correlated with the level of 
oxidative stress, which stimulates these cells to release exosomes 
that activate the proliferation and migration of endothelial cells.22 
Di-(2-ethylhexyl) phthalate (DEHP) impairs testicular and reproduc-
tive functions and simultaneously increases the number of autopha-
gosomes and level of microtubule-associated protein 1A/1B-light 

chain 3B (LC3-II) and p62, markers of autophagy, indicating that au-
tophagosomes accumulate as a result of impaired autophagy.23

Recently, abnormal autophagy has been found to be involved 
in neurotoxicity due to exposure to excessive fluoride, as demon-
strated by elevated expression of Beclin1, LC3-II, and p62 in the hip-
pocampus of rats and in SH-SY5Y cells caused by such exposure.24 In 
rats, chronic fluorosis impairs learning and memory and simultane-
ously decreases the number of neurons, suppresses autophagy, and 
enhances apoptosis in the hippocampus of the brain.25 Moreover, 
the ultrastructure of hippocampal neurons is disrupted in rats ex-
posed to fluoride, perhaps due to more extensive autophagy, as re-
flected in the enhanced expression of Beclin-1 in the hippocampal 
CA1 and DG regions of these animals.26

However, the biological mechanisms underlying these effects and 
processes remain unclear. Using high-throughput transcriptome se-
quencing (RNA-seq) in combination with tandem mass tag, we previ-
ously found that the brains of rats subjected to chronic fluorosis are 
characterized by overexpression of 13 related genes, most of which 
are primarily involved to oxidative stress and neurodegeneration.27 
Interestingly, one of the genes up-regulated by exposure to fluoride en-
codes the flavoenzyme NRH:quinone oxidoreductase 2 (NQO2), which 
is involved in regulating both autophagy and oxidative stress.28,29

The 231-amino-acid NQO2 is localized in the cytosol and uses 
dihydronicotinamide riboside as an electron donor. The human gene, 
which exhibits extensive polymorphism, has been mapped precisely 
to chromosome 6p25.30 Expression of NQO2 is elevated in asso-
ciation with neurodegenerative diseases, as exemplified by the ab-
normally high levels of this enzyme in the hippocampus of patients 
with AD, which might promote the progression of this disease by 
increasing the levels of toxic quinones.31 Moreover, overexpression 
of NQO2 in SH-SY5Y cells exposed to exogenous dopamine ele-
vates the production of ROS, suggesting that higher expression of 
NQO2 may explain the association between the allelic variant in the 
D-promoter of its gene and PD.32 The Parkinsonian toxin paraquat 
(PQ) reduces the basal levels of LC3-II- and LC3-positive vesicles, 
as well as their colocalization with lysosomal markers. Interestingly, 
attenuation of oxidative stress by NMDPEF, a selective inhibitor of 
NQO2, abrogates the inhibition of autophagy by PQ.29

In the current investigation, we examined potential correlations 
between the levels of NQO2, autophagy, and oxidative stress in the 
hippocampus of rats subjected to chronic fluorosis, as well as in SH-
SY5Y cells exposed to fluoride. Our findings indicate that NQO2 
may be involved in mediating the dysfunction in autophagy and ele-
vated oxidative stress caused by fluorosis.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Sodium fluoride (NaF, S7920), menadione (47775), 4,6-dia​midino-2-
phenylindole dihydrochloride (DAPI) (28718-90-3) and S29434 (MCE, 
HY-122614) (Sigma Aldrich); anti-NQO2 antibody (GR257660-8) 
(Santa Cruze); anti-p-mTOR (39321), -LC3A/B (7074) and -rabbit IgG 
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(12741) antibodies (Cell Signaling Technology, Inc.); anti-autophagy-
related protein 5 (ATG5) (GR3195291-10), −p62 (GR124843-69) and 
-GAPDH antibodies (Abcam); mRFP-GFP-LC3 adenovirus (Hanbio 
Biotechnology Co., Ltd.); packaging plasmid system (GV115, Helper 
2.0) (Genechem Co., Ltd.); and all other general chemicals (Sigma 
Aldrich) were purchased from the sources indicated.

Neuroblastoma SH-SY5Y cells were purchased from the 
Conservation Genetics CAS Kunming Cell Bank, China. Sprague–
Dawley (SD) rats (4 weeks old, initial weight 90–100 g) were pur-
chased from Liaoning Changsheng Biotechnology Co., LTD, China 
under the license SCXK (Liao)-2020-0001.

2.2  |  Exposure of rats to chronic fluorosis and the 
SH-SY5Y cell line to fluoride

During acclimation for 1 week, the 96 SD rats (half male and half fe-
male) received regular chow and tap water, each containing <0.5 ppm 
fluoride (F−). Subsequently, these rats were divided randomly into four 
groups of 24 for each fluoride dose, with six rats in each cage and male 
and female rats housed separately. Thereafter, the control, low-, me-
dium- and high-dose groups were allowed to drink tap water contain-
ing <0.5 (i.e., normal tap water), 5, 50, and 100 ppm F−, respectively, 
for 3 or 6  months. 50 ppm  F− corresponds to 3.78 mg/kg,33 which 
is below the maximal tolerable dose in humans (10  mg/kg).34 This 
study protocol was pre-approved by the Animal Ethics Committee of 
Guizhou Medical University, China (Approval No. 200868).

SH-SY5Y cells were exposed for 24 h to six different conditions, 
that is, control (with no exposure to fluoride), 50 ppm F−, 10  μM 
S29434 (an inhibitor of NQO2), 5  μM menadione (an activator of 
NQO2), 50 ppm F− in combination with 10 μM S29434 or 50 ppm F− 
in combination 5  μM menadione. These conditions were chosen 
after examining cell survival with the Cell Counting Kit-8 (Dojindo 
Laboratories).

2.3  |  Determination of fluoride in serum and 
brain tissue

At the end of the period of exposure, the rats were anesthetized, 
blood collected from the heart into a tube that did not contain anti-
coagulant, and the serum was separated by centrifugation. Then, the 
animals were sacrificed and brain tissue collected and a portion of 
it homogenized, with the remainder being stored at −80°C for later 
use. The levels of F− in serum and brain tissue were determined with 
a fluoride-selective electrode.35

2.4  |  Examination of the ultrastructure of the 
hippocampus by transmission electron microscopy

Blocks of tissue (approximately 1 mm3 in volume) from the CA3 
region of the right hippocampus were fixed in 4% glutaraldehyde, 

followed by 1% osmium tetroxide in 0.1 mM phosphoric acid buffer 
(pH 7.4) at room temperature (20°C) for 2 h. These samples were 
subsequently dehydrated through a series of aqueous alcohol so-
lutions containing a decreasing portion of water and embedded in 
812 epoxy resin. Using an ultra-microtome (Leica UC7), 70 nm-thick 
slices were cut, and then these slices were stained with uranium 
dioxy acetate and lead citrate and examined under a transmission 
electron microscope (HT 7700; Hitachi).

2.5  |  Assessment of autophagy in the hippocampus 
using transcriptomic sequencing and Gene Set 
Enrichment Analysis

Approximately 200 μg of hippocampal tissue was preserved in RNA 
protection solution and thereafter rapidly cooled in liquid nitrogen 
and stored at −80°C. The high-throughput sequencing of these 
samples performed by Novogene Co., Ltd., China, involved RNA 
extraction and quality control, library establishment and detection, 
Illumina sequencing, data quality control, sequence alignment with 
the reference genome, transcript annotations, and quantification of 
gene expression. GSEA was used to evaluate the levels of products 
of genes related to autophagy (RNO04140).

2.6  |  Quantification of NQO2 and proteins related 
to autophagy in the hippocampus and SH-SY5Y cells 
by Western blotting

Proteins extracted from the hippocampal region of rat brains and 
SH-SY5Y cells were analyzed by Western blotting. In brief, the total 
proteins of brain tissue samples and SH-SY5Y cells were extracted by 
Total Protein Extraction Kit (Promega), then the total proteins were 
pooled together by group. Following quantification of the protein 
extracts with the bicinchoninic acid procedure, the samples were 
loaded onto 10% polyacrylamide gels, separated by electrophore-
sis, and subsequently transferred to PVDF membranes. After block-
ing these membranes for 2  h with Tris-buffered saline containing 
Tween 20 (TBST), they were incubated overnight with anti-NQO2, 
-p-mTOR, -ATG5, -LC3A/B, or -p62 antibodies and thereafter with 
anti-rabbit IgG antibody for 2 h. After ECL staining, specific bands 
were detected by Biorad Chemiluminescence Analyzer and their 
densities determined with the Imagine J software, USA. The experi-
ments were performed with three technical replicates.

2.7  |  Determination of autophagic flux in SH-SY5Y 
cells using NQO2 RNA interference (viral) as well as 
NQO2 inhibitor or activator

Based on the sequence of the human NQO2 gene,36 three RNAi 
molecules with a “stem loop” structure and targeting different re-
gions of this gene were designed, synthesized, and then attached to 
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the GV493 vector. This ligation product was transformed into com-
petent Escherichia coli for amplification. Following selection with 
puromycin, resistant colonies were examined by genomic PCR and 
gene sequencing. Thereafter, to generate lentiviral particles, the re-
combinant plasmids were co-transfected with a packaging plasmid 
system (GV115, Helper 2.0; Genechem Co., Ltd.) into 293 T cells and 
48 h later, the resultant viral particles were harvested by centrifuga-
tion at 20,000 g for 4 h.

SH-SY5Y cells were transfected with the three RNAi lentiviruses 
(2 × 109 particles/ml; MOI  =  20) for 8  h, after which the medium 
was changed to complete medium for 48 h, and screening for stably 
transfected cells accomplished with puromycin (2 μg/ml). The level of 
NQO2 mRNA in these SH-SY5Y cells was evaluated by qRT-PCR and 
the level of the corresponding protein quantified by Western blotting. 
Transection with lentivirus-mock served as the negative control.

SH-SY5Y cells were also treated with S29434 or menadione 
alone or in combination with fluoride exposure.

To allow monitoring of their autophagic flux, SH-SY5Y cells were 
cultured in a confocal dish overnight, treated with 50 ppm F− for 48 h 
and, after changing the culture medium, transfected with the tandem 
fluorescent mRFP-GFP-LC3 adenovirus (1 × 109 PFU/ml). Thereafter, 
the infected cells were washed with phosphate buffer saline, fixed in 
4% paraformaldehyde, mounted with a reagent containing DAPI, and 
their fluorescence observed under a confocal microscope (FV3000; 
Olympus).

Red fluorescent protein (RFP) tracks LC3 continuously, while 
green fluorescent protein (GFP) is an indicator of fusion between au-
tophagosomes and lysosomes. The autophagic flux was evaluated by 
counting the number of red and green signals.37 In the absence of au-
tophagy, the LC3 fusion protein is dispersed through the cytoplasm, 
without the formation of distinct dots. When autophagosomes form, 
this protein is localized to the membrane of these structures and 
points of yellow fluorescence resulting from the overlap of red and 
green light appear.

When autophagy is proceeding in a normal fashion, autopha-
gosomes and lysosomes fuse to form autolysosomes, in which the 
acidic environment can quench GFP, so that the number of yellow 
dots decreases while the number of red dots rises. However, when 
autophagy is blocked and the autophagosomes cannot fuse with ly-
sosomes, GFP is not quenched and there are more yellow than red 
dots of fluorescence.

2.8  |  Levels of reactive oxygen 
species and malondialdehyde and activity of 
superoxide dismutase in SH-SY5Y cells exposed 
to fluoride

Following treatment in one of the manners described above, SH-
SY5Y cells were homogenized and the supernatant was prepared by 
centrifugation at 4°C. The level of MDA and activity of SOD were de-
termined using commercial kits (Nanjing Jiancheng Bioengineering 
Int.), while ROS was measured using a DCFDA-cellular ROS detec-
tion kit (Abcam).

2.9  |  Statistical analysis

All data were first assessed for normal (Gaussian) distribution and 
then analyzed by standard parametric or non-parametric tests. 
These values were expressed as means ± SD and the different groups 
compared by analysis of variance (ANOVA) followed by Dunnett's 
post-hoc tests (for normal distribution) or Kruskal–Wallis test (for 
abnormal distribution). The correlations by Pearson correlation anal-
ysis in all cases were used with the GraphPad Prism 8.0 software 
(GraphPad Software Inc.), and p-value of <0.05 was considered sta-
tistically significant difference.

3  |  RESULTS

3.1  |  The level of fluoride in the serum and brain of 
rats exposed to chronic fluorosis

The content of fluoride in the serum (Figure 1A) and brain (Figure 1B) 
of rats exposed to different levels of fluoride were elevated in a 
dose- and time-dependent manner.

3.2  |  Morphological alterations in the CA3 
region of the hippocampus of rats exposed to 
chronic fluorosis

As revealed by transmission electron microscopy (Figure 2), in the 
neurons of untreated (control) rats, the morphological character-
istics of the nucleus were normal and the autophagosomes small. 
Upon exposure of these animals to the two highest doses of fluo-
ride, the nuclear membrane became to be wrinkled and the chro-
matin aggregated, while, at the same time, the autophagosomes 
increased in size. In addition, there were clearly more autophago-
somes in the hippocampal neurons of rats exposed to a high level 
of fluoride.

3.3  |  Changes in the level of proteins and gene 
signaling activation related to autophagy in the 
hippocampus of rats exposed to chronic fluorosis

To confirm the alterations in autophagy associated with chronic 
fluorosis, expressions of p-mTOR, ATG5, LC3II, and p62 in the hip-
pocampus of rats were examined (Figure 3A,B). Exposure to a high 
level of fluoride attenuated the level p-mTOR, while increasing those 
of ATG5 and LC3 II, all of which are related to the elongation of au-
tophagic vesicles. Moreover, with either 50 or 100 ppm F− the level 
of LC3-II was higher after 6 than 3 months of exposure. Furthermore, 
the level of p62 rose in a dose-dependent manner.

Using the GSEA database for comparison, we found an enriched 
expression of gene-encoding components of the autophagy signal-
ing pathway (RNO04140) in the hippocampus of the rat following 
exposure to a high level of fluoride for 3 months (Figure  3C). The 
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F I G U R E  1  Levels of fluoride in the serum and brain of rats exposed to different levels of fluoride for 3 or 6 months. These levels were 
determined with a fluoride-selective electrode. (A) Fluoride content of serum. (B) Fluoride content in brain tissue. The values are expressed 
as means ± SD. *p < 0.05 and **p < 0.01 in comparison with the untreated (control) group, as determined by analysis of variance (ANOVA) and 
Dunnett's post-hoc test.

F I G U R E  2  Morphological alterations 
in the CA3 region of the hippocampus 
of rats exposed to chronic fluorosis, 
as observed by transmission electron 
microscopy (TEM). (A) Ultrastructure 
of neurons in the hippocampus of rats 
exposed to fluoride for 3 or 6 months 
(at magnifications of 2500× and 8000×, 
respectively). The yellow stars indicate 
autophagosomes and the blue triangle 
shrunken nuclei. (B) Quantification of the 
number of autophagosomes in neurons 
from the different groups of animals. 
Under the electron microscope, 10 fields 
were selected for observation and the 
values are expressed as means ± SD. 
**p < 0.01 in comparison with the 
untreated (control) group, as determined 
by a two-way ANOVA and Dunnett's post-
hoc test.
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reduction in the nominal p-value with elevated fluoride exposure in-
dicates that this enrichment was dose-dependent.

3.4  |  Correlation between the level of NQO2 and 
those of other proteins related to autophagy in the 
hippocampus of rats exposed to chronic fluorosis

In agreement with our previous report,27 we observed here that 
chronic fluorosis in rats was associated with dose- and time-
dependent increases in the level of the NQO2 protein in the 
brains of these animals (Figure 4A,B). Subsequently, as shown in 

Figure  4C, Pearson correlation analysis revealed that in rats ex-
posed to chronic fluorosis, the level of NQO2 was negatively cor-
related with the level of p-mTOR and positively with the levels of 
ATG5, LC3 II, and p62.

3.5  |  The influence of NQO2 on autophagy in 
SH-SY5Y cells

In an attempt to unravel the mechanism by which NQO2 is related 
to the changes in autophagy and oxidative stress induced by fluoro-
sis, we applied RNAi and small molecular inhibitor and activator to 

F I G U R E  3  Alterations in the levels of 
proteins and gene signaling activation 
related to autophagy in the hippocampus 
of rats exposed to chronic fluorosis. (A) 
Western blots of the proteins targeted 
after 3 months of exposure, along with 
the housekeeping protein glyceraldehyde 
phosphate dehydrogenase (GAPDH). (B) 
Western blots of the proteins targeted 
after 6 months of exposure. The values 
are expressed as means ± SD. *p < 0.05 
and **p < 0.01 in comparison with the 
untreated (control) group, as determined 
by a two-way ANOVA and Kruskal–Wallis 
test. (C) Enrichment plots for sets of genes 
related to autophagy (RNO04140) in the 
hippocampus of rats exposed to chronic 
fluorosis, created by Gene Set Enrichment 
Analysis (GSEA). NES, normalized 
enrichment score.
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alter gene expression and protein level of NQO2 on SH-SY5Y cells 
(Figure 5A). Successful transfection was confirmed by both fluores-
cence microscopy and flow cytometry. Moreover, using qRT-PCR 
and Western blotting, we verified that the levels of both NQO2 
mRNA and protein were lowered significantly by RNAi, to the great-
est extent by NQO2-RNAi-96979.

Subsequently, when SH-SY5Y cells were transfected with 
NQO2-RNAi-96979 for 48 h, the levels of NQO2 and p62 proteins 
were significantly lower than those in untransfected cells (Figure 5B). 
Significantly, the transfection with NQO2-RNAi-96979 in SH-SY5Y 
cells attenuated the increased level of NQO2 and p62 proteins in-
duced by exposure of 50 ppm F−. However, this interference with 

NQO2 expression did not obviously alter the level of LC3 resulted 
from exposure of fluoride.

To further confirm the involvement of NQO2 in regulating au-
tophagy in SH-SY5Y cells, we applied an inhibitor and activator of 
NQO2, namely S29434 and menadione, respectively, with and with-
out exposure to fluoride (Figure 5C). S29434 lowered the levels of 
NQO2 and p62 but did not alter the level of LC3II, a pattern similar 
to the effects of transfection with NQO2 RNAi. On the other hand, 
menadione increased the levels of all three of these proteins. Thus, 
in these cells, S29434 attenuated, while menadione augmented the 
effects of exposure to fluoride on the levels of proteins related to 
autophagy.

F I G U R E  4  Level of NQO2 in the 
hippocampus of rats exposed to chronic 
fluorosis for 3 (A) or 6 months (B), as 
detected by Western blotting. The values 
are expressed as means ± SD. *p < 0.05 
and **p < 0.01 in comparison with the 
related groups marked with transverse 
line as determined by a two-way ANOVA 
and Kruskal–Wallis test. Beneath these 
graphs the representative Western blots 
for NQO2 and the housekeeping protein 
glyceraldehyde phosphate dehydrogenase 
(GAPDH) are shown. Correlations 
between the level of NQO2 and those of 
other proteinsrelated to autophagy in the 
hippocampus of rats exposed to chronic 
fluorosis (C), as determined by Pearson 
correlation analysis.
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F I G U R E  5  Alterations in the levels of proteins related to autophagy in SH-SY5Y cells treated with RNAi, S29434, menadione, and/or 
fluoride. (A) The effects of RNAi lentivirus on the expression of NQO2 in SH-SY5Y cells. Fluorescence microscopy revealed the expression 
of green fluorescent protein encoded by the virus 72 h after transfection (100×). The transfection efficiencies were evaluated by Flow 
Cytometric. Level of NQO2 mRNA and protein in the cells as determined by RT-PCR and Western blotting analysis. The values are expressed 
as means ± SD. (B) Levels of proteins related to autophagy in SH-SY5Y cells transfected with LV-NQO2 RNAi and then exposed to fluoride. 
LV-Mock means transfection with an empty lentivirus and served as the negative control. (C) Alterations in the levels of proteins related 
to autophagy in SH-SY5Y cells treated with S29434, menadione and/or fluoride. The values are expressed as means ± SD. *p < 0.05 and 
**p < 0.01 in comparison with the correspondent control, and ##p < 0.01 compared with the correspondent group exposed to fluoride, as 
determined by a two-way ANOVA and Kruskal–Wallis test.

F I G U R E  6  Alterations in the autophagic flux and oxidative stress in SH-SY5Y cells transfected with LV-NQO2 RNAi or treated with 
S29434 or menadione in combination with exposure to fluoride. These changes revealed by transfection with the mRFP-GFP-LC3 
adenovirus were observed under the confocal microscope. LV-Mock means transfection with the empty lentivirus and served as a 
negative control. (A) Representative confocal fluorescent images following treatment of the cells with NQO2 RNAi and fluoride (600×). 
Quantification of autophagosomes (yellow) and autolysosomes in transfected cells. (B) Representative confocal fluorescent images following 
treatment of the cells with S29434 or menadione in combination with fluoride (600×). Quantification of autophagosomes (yellow) and 
autolysosomes (red) in transfected cells or the cells treated with S29434 or menadione in combination with fluoride. (C) Alterations in the 
level of oxidative stress in SH-SY5Y cells following transfection with NQO2 RNAi or D. treatment with S29434 or menadione in combination 
with exposure to fluoride. The values are expressed as means ± SD. *p < 0.05 and **p < 0.01 in comparison with the corresponding controls, 
and #p < 0.05 and ##p < 0.01 in comparison with the correspondent group exposed to fluoride, as determined by a two-way ANOVA and 
Kruskal–Wallis test.
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3.6  |  The influence of inhibition or activation of 
NQO2 on the enhancement of autophagy and the 
level of oxidative stress in SH-SY5Y cells caused by 
exposure to fluoride

In Figure  6A,B, untransfected cells not exposed to fluoride con-
tained more red than yellow fluorescent dots, indicating that au-
tophagy was proceeding in a normal manner. Following exposure 
of these cells to fluoride, there was more formation of autophago-
somes, as reflected in a larger number of red dots. However, very 
few autolysosomes were formed, so that the green fluorescence was 
not extensively quenched and yellow fluorescent dots dominated. 
This pattern is indicative of arrested autophagy.

Interference with NQO2 expression in SH-SY5Y cells by trans-
fection with RNAi reduced the formation of autophagosomes, but a 
larger number of autolysosomes were formed and quenched green 
dots, resulting in more red fluorescent dots in the overlap pattern 
(Figure 6A). With these cells, the arrest in autophagy caused by flu-
oride was attenuated and red dots dominated in a manner similar to 
the pattern observed with the negative control (LV-mock) and un-
transfected cells exposed to fluoride.

In addition, treatment of unexposed SH-SY5Y cells with S29434 
altered the pattern of fluorescence in a manner similar to the effects 
of NQO2 interference (Figure 6B). At the same, exposure of unex-
posed cells to both this inhibitor and fluoride attenuated the effects 
of the latter on autophagy, resulting in more abundant autophago-
somes and autolysosomes, as well as an overlap pattern dominated 
by red fluorescent dots. On the other hand, exposure of these same 
cells to both menadione and fluoride blocked the formation of au-
tolysosomes and yellow dots became dominant in the overlap map.

Exposure of SH-SY5Y cells to fluoride increased their levels of 
MDA and ROS and reduced their SOD activity, while reduction of 
NQO2 with RNAi attenuated these indicators of enhanced oxidative 
stress (Figure 6C). Chemical inhibition of NQO2 had similar effects, 
whereas activation of this enzyme augmented the level of oxidative 
stress caused by fluoride (Figure 6D).

4  |  DISCUSSION

Here, rats drinking water containing high levels of fluoride for 3 or 
6 months exhibited significantly elevated fluoride contents in their 
serum and brains. This clearly indicates that fluoride can be taken up 
from the gastrointestinal tract into the blood and subsequently cross 
the blood–brain barrier.27 In addition, cultured SH-SY5Y cells ex-
posed to fluoride demonstrated elevated levels of oxidative stress.

During the initial stage of autophagy, several members of the 
ATG family of proteins play central roles in the formation of large 
complexes located on the outside of the membrane of the phago-
phore. These complexes activate the enzyme ATG3, which catalyzes 
covalent conjugation of LC3 to the amino group of phosphatidyletha-
nolamine (PE), a key step in autophagosome formation.38 During the 
process of phagophore extension and autophagosome formation, 

LC3 I binds to PE via a ubiquitin-like reaction to produce lipidized 
LC3 II, an important marker on the membrane of the autophago-
some. Interestingly, the level of LC3 II in the substantia nigra of pa-
tients with PD is elevated significantly.39 Meanwhile, another key 
molecule, P62, binds to ubiquitinated proteins and forms a complex 
with LC3 II.12 Importantly, during the normal process of autophagy, 
P62 is degraded.

As mentioned earlier, it is now well established that chronic flu-
orosis results in pathological damage to the CNS and cognitive dys-
function.6,40 Neurons are extremely polarized and require a steady 
supply of nutrients and energy, while relying heavily on autophagy 
to remove harmful compounds and prevent the accumulation of 
metabolic waste products.41 The brain damage induced by fluorosis 
is associated with impaired autophagy, as reflected in the elevated 
levels of Beclin1, LC3-II, and p62 in the hippocampus of rats with 
chronic fluorosis, as well as in SH-SY5Y cells exposed to fluoride.24 
Inhibition of mTOR with rapamycin protects SH-SY5Y cells from de-
fective autophagy and excessive apoptosis, thereby enhancing their 
survival.25

In a previous investigation, we observed dysregulation of the bal-
ance between mitochondrial fission and fusion in the hippocampus 
of rats exposed to chronic fluorosis.42 Such abnormal mitochondrial 
dynamics can trigger abnormal levels of autophagy and apoptosis, 
leading to neuronal death.43 Autophagy in the hippocampus of rats 
exposed to chronic fluorosis occurs mainly in the CA1 and DG re-
gions of the brain, which may be related to the accumulation of lipo-
fuscin in these same regions.26

In the current morphological and biomolecular investigation, we 
confirm that excessive exposure of rats to fluoride disrupts autoph-
agy. Transmission electron microscopy revealed a wrinkled nuclear 
membrane and chromatin aggregation in the neurons in the C3 re-
gion of the hippocampus of rats exposed to chronic fluorosis. This 
enhanced volume of autophagosomes in the neuronal cytoplasm 
was correlated to increased exposure to fluoride.

It has been reported that fluorosis promotes autophagy while, at 
the same time, disrupting this process, as reflected in the change in 
the autophagy-inducing factor mTOR, the elevated levels of inter-
mediate proteins such as ATG5, LC3 II, and Beclin1, and the accumu-
lation of P62.25,44,45 ATG5 and LC3-II appear to be indicators of the 
initiation of autophagy, whereas the level of p62 reflects the extent 
of autophagic degradation.46 Here, the enrichment in autophagy 
genes we detected using the GSEA database indicated the presence 
of elevated levels of ATG5, LC3 II, and p62 and less p-mTOR in the 
hippocampus of rats exposed to chronic fluorosis, suggesting stimu-
lation of the initial steps of autophagy, but subsequent blockage that 
was both time- and dose-dependent.

Previously, we used high-throughput sequencing to monitor 
changes in the transcriptome and proteome of the hippocampus 
of rats with chronic fluorosis and identified 13 genes/proteins that 
demonstrated consistent changes in expression.27 These included 
NQO2, which is associated with neurodegenerative changes, oxida-
tive stress, and autophagy.28 Accordingly, we attempted to deter-
mine in the present study whether the level of NQO2 is altered in 
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connection with chronic fluorosis and, if so, whether this change is 
involved in the regulation of autophagy and pathogenesis of brain 
injury.

NQO2 may well play a role in regulating autophagy and oxi-
dative stress. Treatment with the PQ prevents inhibition of mTOR 
and upregulation of BECN1/Beclin 1, changes typically associated 
with the induction of autophagy.29 Reduction of oxidative stress by 
NMDPEF, a selective inhibitor of NQO2, abrogated this inhibition 
of autophagic flux by PQ. Moreover, overexpression of NQO2 ap-
pears to be related to tumor formation, since such overexpression 
can lead to disruption of the gene encoding p53,47 alter signaling 
via the nuclear factor-κB pathway48 and induce prostate cancer me-
tastasis,49 among other effects. The elevated level of NQO2 in the 
hippocampus, amygdala, and superior frontal gyrus of patients with 
AD is related to the production of ROS.31

Our present findings confirm that exposure of rats to fluoride 
elevates the expression of the NQO2 protein in the brain in a dose-
dependent manner. We also found that in SH-SY5Y cells exposed 
to fluoride in culture, this increased expression was negatively cor-
related to the level of mTOR and positively correlated to the levels of 
the autophagy-related factors ATG5, LC3 II, and P62. These results 
indicate that fluoride can promote autophagosome formation in the 
initial stages of autophagy, while causing accumulation of P62, i.e., 
disrupting autophagic degradation, during later stages.

For elucidating the mechanism(s) underlying these relation-
ships, we transfected SH-SY5Y cells with NQO2 RNAi or treated 
these cells with an inhibitor or activator of this enzyme in combi-
nation with fluoride. Interfering with the expression of NQO2 or 
chemically inhibiting this enzyme attenuated the increase in P62 
protein induced by fluorosis, indicating that the deficit in auto-
phagic degradation was also attenuated. In contrast, chemical ac-
tivation of NQO2 activator enhanced this response to fluorosis. At 
the same time, the elevated level of LC3 II associated with fluoro-
sis was enhanced by activation of NQO2 but clearly not affected 
by transfection with RNAi or chemical inhibition. P62, also called 
sequestosome1, is the selective receptor for misfolded proteins 
destined to undergo autophagic degradation. Ectopic accumulation 
of p62 in the brain of APP/PS1 mouse models of AD is associated 
with impaired autophagic flux.50 In aged mice, increased expres-
sion of LC3 and p62 by cervical motor neurons is indicative of im-
paired autophagy, with the accumulation of autophagosomes.51 In 
selenium-deficient trophoblasts, up-regulation of LC3II, Beclin1, 
and p62 indicates a dysfunctional autophagic flux.52 Our observa-
tion indicates that, significantly, NQO2 may regulate the expression 
of p62, which influences autolysosome formation and autophagic 
degradation.

To further confirm the influence of NQO2 on the autophagic 
flux in cultured SH-SY5Y cells exposed to fluoride, these cells were 
transfected with the tandem fluorescent MRFP-GFP-LC3 adenovi-
rus to allow visualization of autophagosomes and autolysosomes. 
Exposure to fluoride stimulated the formation of the former, while 
eliminating the formation of the latter, thereby blocking the auto-
phagic flux. Interference of NQO2 expression by RNAi reduced 

this formation of autophagosomes and led to more autolysosomes, 
thereby weakening these effects of fluoride. On the other hand, the 
agonist of NQO2 enhanced these effects. In addition, both NQO2 
silencing and chemical inhibition reduced the level of P62 and atten-
uated the effect of fluoride on the autophagic flux.

Oxidative stress is an important mediator of brain injury result-
ing from chronic fluorosis.7,53 Appropriate autophagy can protect 
against injury during the early stages of ischemic stroke, whereas 
excessive autophagy is correlated with inflammation and oxidative 
stress.54 Here, we show that exposure of SH-SY5Y cells to fluoride 
increases their levels of MDA and ROS while lowering the activity of 
SOD activity. Lowering the activity of NQO2 with RNAi or by chem-
ical inhibition attenuates this elevation of oxidative stress, whereas 
activation of NQO2 has the opposite effect. We, therefore, specu-
late that upon exposure to a high level of fluoride, NQO2 regulates 
autophagy, thus influencing the level of oxidative stress that can 
lead to injury of the CNS.

In conclusion, in rats exposed to chronic fluorosis, autophagy in 
the hippocampus was abnormal, as reflected in the lowered expres-
sion of p-mTOR, increased levels of ATG5 and LC3 II, and accumu-
lation of p62. Similar results were obtained when cultured SH-SY5Y 
cells were exposed to fluoride. Moreover, fluoride also increased 
the level of the NQO2 protein in both the brain of rats and in these 
nerve cells in culture, as well as enhancing oxidative stress in vitro. 
Inhibition of NQO2 reduced the impairment in the autophagic flux 
and attenuated the oxidative stress caused by fluorosis. These re-
sults indicate that NQO2 may be a regulator of the autophagic flux, 
thereby influencing oxidative stress in the pathogenesis of brain in-
jury resulting from fluorosis.
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