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� SIRT1 activation exerted protective
roles against fluoride-induced
cognitive defects.

� SIRT1 activation restored fluoride-
caused defective mitochondrial
network dynamics.

� SIRT1 was targeted directly by miR-
708-3p.

� MiR-708-3p mediated the neurotoxic
process of fluoride via directly
targeting SIRT1.

� SIRT1, a target of miR-708-3p,
alleviates fluoride-induced neuronal
damage via remodeling
mitochondrial network dynamics.
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Introduction: Neurological dysfunction induced by fluoride contamination is still one of major concern
worldwide. Recently, neuroprotective roles of silent information regulator 1 (SIRT1) focusing on mito-
chondrial function have been highlighted. However, what roles SIRT1 exerts and the underlying regula-
tive mechanisms, remain largely uncharacterized in such neurotoxic process of fluoride.
Objectives: We aimed at evaluating the regulatory roles of SIRT1 in human neuroblastoma SH-SY5Y cells
and Sprague-Dawley rats with fluoride treatment, and to further identify potential miRNA directly target-
ing SIRT1.
Methods: Pharmacological suppression of SIRT1 by nicotinamide (NIC) and promotion of SIRT1 by aden-
ovirus (Ad-SIRT1) or resveratrol (RSV) were employed to assess the effects of SIRT1 in mitochondrial dys-
function induced by fluoride. Also, miRNAs profiling and bioinformatic prediction were used to screen the
miRNAs which can regulate SIRT1 directly. Further, chemical mimic or inhibitor of chosen miRNA was
applied to validate the modulation of chosen miRNA.
Results: NIC exacerbated defects in mitochondrial network dynamics and cytochrome c (Cyto C) release-
driven apoptosis, contributing to fluoride-induced neuronal death. In contrast, the ameliorative effects
were observed when overexpressing SIRT1 by Ad-SIRT1 in vitro or RSV in vivo. More importantly, miR-
708-3p targeting SIRT1 directly was identified. And interestingly, moreover, treatment with chemically
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modifiedmiR-708-3pmimic aggravated, whilemiR-708-3p inhibitor suppressed fluoride-caused neuronal
death. Further confirmedly, overexpressing SIRT1 effectively neutralized miR-708-3p mimic-worsened
fluoride neuronal death via correcting mitochondrial network dynamics. On contrary, inhibiting SIRT1
counteracted the promotive effects of miR-708-3p inhibitor against neurotoxic response by fluoride
through aggravating abnormal mitochondrial network dynamics.
Conclusion: These data underscore the functional importance of SIRT1 to mitochondrial network dynam-
ics in neurotoxic process of fluoride and further screen a novel unreported neuronal function of miR-708-
3p as an upstream regulator of targeting SIRT1, which has important theoretical implications for a poten-
tial therapeutic and preventative target for treatment of neurotoxic progression by fluoride.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Neurological disorders and cognitive defects affect a significant
part of population [1]. Impairments to cognition often result from a
number of factors including environmental neurotoxicants, gene
defects, adult related diseases, and so on [2]. Strikingly, fluoride
is not only widely distributed in the environment but also exten-
sively used in industrial settings and the injurious effects of envi-
ronmental fluoride contamination on neurons have been gaining
much attention, as fluoride acts as a double-edged sword turning
out more injurious to public health than being beneficial [3,4].
Hitherto, multisite studies have shown that long-term consump-
tion of excessive fluoride exerts negative impact on cognitive
capacities of rats [5,6] and is a potential risk factor for cognitive
impairment among residents in fluorosis areas [7], indicating an
urgent need for studies identifying innovative therapeutic and pre-
ventative strategies.

Silent information regulator 1 (SIRT1), highly expressed in neu-
rons, is a predominant protein that has been shown to play a role in
the neuroprotective effects through multiple mechanisms [8]. In
particular, the protective potentials of SIRT1 through regulation
of mitochondrial function during neurological disorders have been
emphasized in many studies published in recent years [9]. Cur-
rently, under the condition of neuronal injuries by fluoride, some
of achievements have been done concerning the interaction of
SIRT1 with mitochondria. Results in our previous studies showed
that SIRT1 restoration activated mitochondrial p53 pathway to
resist fluoride-induced neurological damage [10]. Along with the
aforesaid mitochondrial damages caused by fluoride, defects in
mitochondrial fusion/fission dynamics were also identified, as
manifested by facilitating fusion proteins mitofusion 1 (Mfn1),
mitofusion 2 (Mfn2) and suppressing fission proteins dynamin-
related protein 1 (Drp1), fission 1 (Fis1) [11]. Undoubtedly, exten-
sive remodeling of mitochondrial network dynamics, involving
mitochondrial fusion/fission dynamics as well as ultrastructural
remodeling of mitochondria, is essential for mitochondrial home-
ostasis and diseases often manifest if disturbed [12]. However,
whether SIRT1 interacts with mitochondrial network dynamics
under fluoride-injured neuronal death has not been clearly
investigated.

microRNAs (miRNAs) are versatile regulators of gene expres-
sion, instigating tremendous interest in researches [13]. Recently,
the great expansion of understanding about the function of miR-
NAs and also their roles in the modulation of SIRT1 have provided
a distinctive vision in the mechanisms of neuronal injuries [14]. To
date, several miRNAs, such asmiR-34a andmiR-9, have been shown
to negatively modulates SIRT1 contributing to neural differentia-
tion [15,16]. Especially, alterations of miRNAs levels have been
shown in fluoride-exposed various tissues [17,18]. Nonetheless, till
now, only levels of miR-125b, miR-124 and miR-132 were elevated
in hippocampi of mice with fluoride treatment [19], little is known
about whether miRNAs are responsible for altered SIRT1 levels
induced by fluoride.
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Therefore, in this study, using neuronal defects established by
in vitro SH-SY5Y cell culture and in vivo Sprague-Dawley rat model
of fluoride exposure, the potential roles of SIRT1 and the underly-
ing regulative mechanisms were assessed. More importantly, we
also aimed at exploring the miRNAs targeting SIRT1 and its modu-
lations in neurotoxic process of fluoride.
Material and methods

Reagents
Sodium fluoride (NaF, #S7920), resveratrol (RSV, #5010) and

nicotinamide (NIC, #47865-U) were obtained from Sigma-Aldrich
Co. (St Louis, MO, USA). miR-708-3p mimic, miR-708-3p inhibitor
and corresponding negative control (NC), miRcute miRNA Isolation
Kit (#DP501), and miRcute Plus miRNA qPCR Kit (#FP411) were
obtained from TIANGEN Biotech Co. (Beijing, China). DMEM/Ham’s
F-12 (#C11330) and fetal bovine serum (FBS, #10099141) were
purchased from Thermo Fisher Scientific Inc. (Altham, Mas-
sachusetts, USA). JC-10, MitoTracker Red CMXRos probe
(#M7512), TRIzol reagent (#15596–026) and lipofectamine RNAi-
Max Transfection Reagent (#13778–150) was purchased from
Invitrogen Corp. (Carlsbad, CA, USA). Polyvinylidene fluoride mem-
brane (PVDF, #03010040001) and In Situ Cell Death Detection Kit
(fluorescein) (#11684795910) were purchased from Roche Inc.
(Nutley, New Jersey, USA). Primary antibodies against SIRT1
(#13161–1-AP), cytochrome C (Cyto C, #10993–1-AP), Mfn2
(#12186–1-AP), Fis1 (#10956–1-AP) and horseradish peroxidase-
conjugated anti rabbit/mouse secondary antibodies were obtained
from Proteintech Inc. (Wuhan, China). Primary antibodies against
cleaved poly ADP-ribose polymerase (PARP, #9542S) and cleaved
caspase-3 (#9664S) were obtained from Cell Signaling Technology
Inc. (Beverly, MA, USA). Primary antibodies against Mfn1
(#ab57602) and Drp1 (#ab56788) were obtained from Abcam
Inc. (Cambridge, MA, USA). Primary antibody against GAPDH
(#AP0063) was obtained from Bioworld Technology Inc. (St Louis
Park, MN, USA). ECL reagent (#K-12049-D50) was obtained from
Advansta Inc. (Menlo Park, CA, USA). Annexin V-fluorescein isoth-
iocyanate (FITC) and Propidium iodine (PI) staining kit (#556547)
was purchased from BD Biosciences. (San Jose, CA, USA). Cell
Counting Kit-8 (CCK-8, #CK04), Nissl detection kit, Alexa Fluor
488 goat anti-mouse IgG (H + L) and Alexa Fluor 488 AffiniPure
goat anti-mouse/rat IgG (H + L) were purchased from Promoter
Biotechnology. (Wuhan, China). Revert Aid First Strand cDNA Syn-
thesis Kit (#K1621) were purchased from Fermentas Inc. (Hanover,
MD, USA).

Cell culture and chemical treatments
Human neuroblastoma SH-SY5Y cells, from American Type Cul-

ture Collection (ATCC Inc., Manassas, VA, USA) were cultured in
DMEM/Ham’s F-12 supplemented with 10 % FBS. HEK293T cells
were obtained from ATCC and cultured in DMEM supplemented
with 10 % FBS. All cells were cultured in a humidified atmosphere
containing 5 % CO2 at 37�C. When reaching 70–80 % confluence,
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SH-SY5Y cells were subjected to NaF (60 mg/L) or NIC (3 mM) for
24 h.

Adenoviral transfection
SH-SY5Y cells were transfected with adenoviruses harboring

SIRT1 (Ad-SIRT1). The titers of Ad-SIRT1 were 1.2 � 1010 PFU/mL,
and MOI was 200:1. Cells were subjected to NaF for 24 h after
24 h-long adenoviral transfection.

Western blotting
Protein samples were extracted from cells and neuronal tissues

(hippocampi and striata). Protein detections were performed using
primary antibodies recognizing SIRT1 (1:1000), Cyto C (1:500),
cleaved PARP (1:500), cleaved caspase-3 (1:500), Mfn1 (1:1000),
Mfn2 (1:1000), Drp1 (Abcam Inc., 1:2000), Fis1 (1:1000), and
GAPDH (1:8000). Then, antigen-primary antibody complexes were
incubated with secondary antibodies and visualized using ECL
reagents for chemiluminescent reading on a GeneGnome chemilu-
minescent imaging system (Syngene Inc., Frederick, MD, USA).
Intensity values of target bands were normalized to GAPDH and
quantified using the Quantity One software (Bio-Rad, Hercules,
CA, USA).

Cell viability assay
For cell viability assay, the number of cells with various treat-

ments were assessed using CCK-8. Synergy 4 multifunctional
microplate reader (BioTek Instruments Inc., Winooski, VT, USA)
was employed for absorbance measurements. Results were
showed as the percentage of values of the Control set as 100 %.

Flow cytometry
After corresponding treatments, cells undergoing apoptosis

were distinguished from live and necrotic cells by using Annexin
V- FITC (5 lL) and PI (5 lL) staining kit. Treated cells were resus-
pended with JC-10 working solution (20 lM) for mitochondrial
membrane potential (MMP).

Confocal laser microscopy
Mitochondrial morphology was observed in SH-SY5Y cells

stained with MitoTracker Red CMXRos probe (100 nM, 30 min at
37�C). To observe the co-localization of Cyto C with mitochondria,
cells with mitochondrial staining were routinely fixed, permeabi-
lized, blocked, and incubated with primary antibodies against Cyto
C (1:500, at 4�C overnight). Then, after Alexa Fluor 488 goat anti-
mouse IgG (H + L) incubation (1:500, 1 h at 37�C), cell nuclei were
stained with DAPI and fluorescent signals were imaged under the
laser scanning confocal microscope (Olympus Co., Tokyo, Japan).

Animal experiments
In order to imitate environmental fluoride levels in drinking

water, fluoride rat model was established following previous
reports [20]. In brief, female rats were randomly divided into 4
groups. Control rats received tap water in which fluoride ion is less
than 1.0 mg/L. The rats from other groups were given a free drink
of drinking water supplemented with 10, 50 and 100 mg/L NaF
(corresponding to 4.52, 22.6 and 45.2 mg/L fluoride ion, respec-
tively), for 6 consecutive months (Fig. S2A). For SIRT1 interference,
rats were treated with RSV (200 mg/kg, through gavage) or NIC
(100 mg/kg, through gavage) respectively for 60 consecutive days.
The dosage of RSV or NIC treatment was chosen base on previous
studies [20]. The treatment schedules were shown in Fig. 3A. At
the end of the experiments, hippocampi and striata were collected.

Ethics statements
All rat experiments were carried out in accordance with the

Guidelines for the Care and Use of Laboratory Animals published
by Ministry of Health People’s Republic of China and approved
by the Ethics Review Committee for Animal Research at Huazhong
University of Science and Technology (Approval No. HUST NY/MA-
029–2018).
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Neurobehavior assays
Morris water maze test was performed [11]. Briefly, rats were

trained to find a submerged platform in an open circular swim-
ming arena with dark walls and dark opaque water. The arena
was conditionally divided into 4 quadrants and the platform was
fixed at the center of one quadrant. Repeated trials were performed
each day by placing rats into water at the start location of each
quadrant. Each trial lasted 60 s with an additional 15 s learning
time where rats were allowed to remain on the platform. After
4 days of learning, rats were subjected to a spatial probe test where
platform was removed. Rats were analyzed for number of times
they passed through the previous platform site and the proportion
of swimming distance and time they spent in the platform quad-
rant. All behavior data of rats in the swimming arena was recorded
by a video camera connected to a digital tracking device, which
was attached to a computer with water maze software (Electric
factory of Wuhan, Hubei, China).

Immunostaining
Samples from hippocampi and striata were harvested, fixed

with paraformaldehyde, and embedded in paraffin. To quantify
Nissl bodies in Neurons, Nissl staining was performed using a Nissl
detection kit. Slices for immunohistochemical (IHC) and
immunofluorescent staining were firstly blocked for nonspecific
binding sites. For immunoreactivities of SIRT1 and mitochondrial
fusion/fission dynamics proteins, slices for IHC staining were incu-
bated at 4�C overnight with the following primary antibodies:
SIRT1 (1:100), Mfn2 (1:200), and Drp1 (1:100), after which the cor-
responding goat anti-rabbit/mouse IgG working solutions (1:1000)
were incubated at 37�C for 30 min. The stained slices were
observed under the microscope (Olympus Co.) and Image-pro Plus
6.0 software was used to analyze the number of Nissl bodies and
protein expression levels in neuronal cells. For immunofluores-
cence, paraffin slices were fixed, permeabilized and blocked. Then
primary antibody against Cyto C (1:200) was performed at 4�C
overnight and Alexa Fluor 488 AffiniPure goat anti-rabbit IgG
(H + L) was used at room temperature in dark for 30 min. Subse-
quently, apoptosis in slices was evaluated using the In Situ Cell
Death Detection Kit (fluorescein). Slices were incubated with fresh
TUNEL reaction mixture at 37�C in dark for 1 h. After counterstain-
ing with DAPI, images of the well-prepared slides were performed
using a fluorescence microscope (Olympus Co.).

Transmission electric microscopy (TEM)
After fixed using 2.5% pre-cooling glutaraldehyde, hippocampal

samples of rats were dissected, post-fixed and prepared according
to standard TEM sample preparation protocols [11]. The slices
were viewed with one transmission electric microscope (Philips
Tecnai 10, Philips Co., Eindhoven, the Netherlands). Mitochondrial
area and length were analyzed.

miR-708-3p mimic and inhibitor transfection
The miR-708-3p mimic (10 nM), miR-708-3p inhibitor (50 nM)

and corresponding NC were transfected into cells using Lipofec-
tamine RNAiMax Transfection reagent and Opti-MEMmedium fol-
lowing the manufacturer’s instructions.

RT-qPCR
Total RNA was extracted using the TRIzol reagent. Then, SYBR

Green PCR Master Mix Reagent Kits were used to quantitate mRNA
relative expression with GAPDH as an internal control. All primer
sequences are listed in Table S1. For miRNAs, total miRNAs were
isolated using the miRcute miRNA Isolation Kit and miRcute Plus
miRNA qPCR Kit was used to determine miRNA expression levels
with U6 as an internal control. The miRNA primer sequences of
rno-miR-708-3p, rno-miR-3085, rno-miR-29C-3p, rno-miR-194-5p,
and U6 primers were synthesized from TIANGEN Biotech Co.
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(Table S1). Subsequently, RT-qPCR was performed using ABI PRISM
7900 HT PCR system (Applied Biosystems, Thermo Fisher Scientific
Inc., Waltham, MA, USA) and relative mRNA or miRNA expression
levels were normalized to GAPDH or U6, respectively, using the
2�DDCT method.

miRNAs sequencing
According to a previously described protocol, miRNAs sequenc-

ing was performed [21]. Briefly, the same total RNA from hip-
pocampal samples was used for small RNA sequencing using an
Illumina HiSeq 2500 platform from RiboBio Co. Ltd. (Guangzhou,
China). After elimination of low-quality reads of raw data, high-
quality reads with length in 18�26 nucleotide were obtained and
aligned with reference genome using miRBase 21.0 by BLAST for
identifying known miRNAs and novel �3p and �5p derived miR-
NAs. Finally, differentially expressed miRNAs were identified by
absolute log2(fold change) � 1 and P < 0.05.

miRNAs prediction
Based on the previous study [22], bioinformatics predictions

were conducted to identify potential miRNAs targeting SIRT1.
The tools miRanda (https://www.mirdb.org/), RNAhybrid (https://
directory.fsf.org/wiki/RNAhybrid), and TargetScan (https://
www.targetscan.org/) were employed to predict all potential miR-
NAs which can target SIRT1. Overlapping miRNAs from the three
databases were identified and retained for further analyses.

Luciferase reporter assay
On 6-well plates, approximately 1 � 105 HEK-293 T cells

expressing miR-708-3p mimic (or mimic NC) per well were co-
transfected with vectors with the wild-type or mutant 30 UTR of
SIRT1. Lipofectamine 2000 was used as a transfection agent. The
ratio of luciferase-to-renilla activities was calculated to normalize
for variations in transfection efficiencies according to Dual-
Luciferase Reporter Assay System (Promega, Madison, WI, USA).
Statistical analysis

The specific operators in all experiments were blinded to treat-
ment allocations, as were the statistical data analyses. All experi-
ments were performed at least three times, and representative
data are shown and presented as mean ± SD. For statistical analy-
sis, SPSS 25.0 statistical software (SPSS Inc., Chicago, IL, USA) was
used. Comparison of statistical difference among multiple groups
were determined by one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s test. Significance of difference between two
experimental groups was evaluated using independent samples
Student’s t test. A P value of < 0.05 was considered statistically
significant.
Results

Suppressing SIRT1 with NIC worsens mitochondrial dysfunc-
tion and following Cyto C release-driven apoptosis in SH-SY5Y
cells under fluoride treatment through disturbing mitochondrial
network dynamics

Our recent studies have shown the increase of SIRT1 expression
in neuronal cells [20], which suggest that SIRT1 can be a target of
fluoride in its neurotoxicity program. To test the potential role of
SIRT1 in fluoride neurotoxicity, NIC, a SIRT1 antagonist through
exerting feedback inhibitory effects on SIRT1 expression by binding
to a conversed pocked near to nicotinamide-adenine dinucleotide
[23], was applied to fluoride-treated SH-SY5Y cells. While the pro-
tein expression levels of SIRT1 were effectively downregulated
(Fig. 1A), NaF-induced lower cellular survival rate was unexpect-
edly aggravated by NIC (Fig. 1B), with a more robust augment in
apoptotic rate (Fig. 1C). Confirming this, the further expression
detection of apoptosis-related proteins including cleaved PARP
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and cleaved caspase-3 were shown dramatically increased by
NaF upon co-treatment with NIC (Fig. 1D). Also observed was
NaF-induced Cyto C overactivation by the treatment of NIC
(Fig. 1E), which was supported by the confocal imaging that large
Cyto C puncta were formed, and many of them co-localized with
elongated mitochondria (Fig. 1F). Cyto C release frommitochondria
and following neuronal cell death always correspond to mitochon-
drial dysfunction, which is tightly determined by mitochondrial
network dynamic processes of fusion and fission [24]. Here, we
noticed that SIRT1 inhibition by NIC sensitized cells to NaF-
induced mitochondrial dysfunction, manifested as MMP dissipa-
tion (Fig. 1G). Further, we observed a more severe state of elon-
gated mitochondria by NaF upon co-treatment with NIC
(Fig. 1H). Specifically, the genes that code for mitochondrial
fusion/fission dynamics were shown disturbed in response to
NaF upon NIC treatment, with facilitated fusion-regulating mole-
cules Mfn1 and Mfn2, along with suppressed fission-regulating
molecules Drp1 and Fis1 at protein levels (Fig. 1I). All of these data
suggest that NIC exacerbates fluoride-induced mitochondrial dys-
function and Cyto C release-driven apoptosis in SH-SY5Y cells
through inhibiting SIRT1 expression and worsening mitochondrial
network dynamics.

Overexpressing SIRT1 with Ad-SIRT1 rescues fluoride-induced
mitochondrial network dynamics disorder and resultant apopto-
sis in SH-SY5Y cells

To confirm the role of SIRT1 activation in such neurotoxic pro-
cess by fluoride, we then generated adenoviruses construct for
overexpressing SIRT1 (Ad-SIRT1) that was able to efficiently pro-
mote SIRT1 expression levels (Fig. 2A). Of interest, overexpression
of SIRT1 reduced the increase in elongated mitochondria upon NaF
treatment (Fig. 2B), and this matched well with the changes in the
protein levels of decreased fusion and increased fission (Fig. 2C).
Additionally, SIRT1 overexpression attenuated NaF-induced reduc-
tion of MMP (Fig. 2D). Furthermore, NaF-induced potentiation in
Cyto C expression at protein levels was prevented by Ad-SIRT1
(Fig. 2E). Concordantly, in confocal images, formed Cyto C puncta
caused by NaF was evidently mitigated with Ad-SIRT1 transfection
(Fig. 2F). Meanwhile, we observed concomitant reduction in
apoptosis-related proteins including cleaved PARP and cleaved
caspase-3 in cells under NaF in combination with Ad-SIRT1 treat-
ment (Fig. 2E). Finally, NaF-induced increase in apoptotic rate
and survival rate were rescued in cells transfected with Ad-SIRT1
(Fig. 2G, H). Together, these results show that Ad-SIRT1 recovers
the defects in mitochondrial network dynamics and following
apoptosis induced by fluoride in SH-SY5Y cells.

SIRT1 mediates fluoride-induced cognitive defects of rats via
remodeling mitochondrial network dynamics

We then asked whether the potential function of SIRT1 in
pathogenesis of fluoride neurotoxicity exists in vivo. To this end,
we administered SIRT1 activator RSV or SIRT inhibitor NIC, for
2 months, in rats exposed to NaF (Fig. 3A). As expected, NaF-
induced upregulation of SIRT1 levels were further enhanced by
RSV and markedly decreased by NIC respectively in both hip-
pocampal and striatal tissues of rats (Fig. 3B), which were also ver-
ified by IHC staining (Fig. 3C, Fig. S1A). Further, we observed a
significant improved impact on learning and memory impairments
of NaF-exposed rats by RSV, as evidenced by the elevated platform
crossing numbers (Fig. 3D, E) and more time rats spent in target
quadrant (Fig. 3F) in spite of distance rats spent in target quadrant
not affected (Fig. 3G). However, when treated with NIC, rat with
NaF treatment showed a tendency for worsened learning and
memory impairments, although the downregulation of platform
crossing numbers, time and distance rats spent in target quadrant
did not show statistical significance (Fig. 3D-G). These together
revealed the significant involvement of SIRT1 in attenuating the
progression of fluoride-induced cognitive defects. Mechanistically,
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Fig. 1. SIRT1 inhibition by NIC aggravates NaF-induced mitochondrial network dynamics disorder and resultant Cyto C release-driven apoptosis in SH-SY5Y cells. SH-
SY5Y cells were cultured with 60 mg/L NaF in the absence or presence of 3 mM NIC for 24 h. (A) Representative western blot brands and corresponding density analysis of
SIRT1. (B) Levels of survival rates in cells detected by CCK-8 assay. (C) Representative flow cytometric analysis of apoptotic rates by Annexin V-FITC and PI staining. (D)
Representative western blot brands and corresponding density analyses of apoptosis-related proteins including cleaved PARP and cleaved caspase-3. (E) Representative
western blot brands and corresponding density analysis of Cyto C. (F) Representative confocal images showing colocalization of Cyto C with mitochondria in cells. Original
magnification � 1000. Upper panels were merged views of cells stained for Cyto C (green), MitoTracker CMXRos (red, for mitochondria), and DAPI (blue, for nuclei) in lower
panels. (G) Representative flow cytometric analysis of MMP by JC-10 staining. (H) Representative confocal images showing mitochondrial morphology stained by MitoTracker
CMXRos in cells. Original magnification � 1000. Lower panels were magnified views of the areas enclosed by write boxes in upper panels. (I) Representative western blot
brands and corresponding density analyses of mitochondrial fusion proteins (Mfn1 and Mfn2) and fission proteins (Drp1 and Fis1). GAPDH was used as a loading control for
protein expression. Data are represented as mean ± SD from at least three independent experiments. Difference among data were assessed by One-way ANOVA followed by
Dunnett’s test, * P < 0.05 compared with the Control group, # P < 0.05 compared with the NaF group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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treatment of RSV remarkably protected NaF-exposed rats from dis-
ordered changes of mitochondrial ultrastructure in neurons as
manifested by the reduction in areas and length of mitochondria
(Fig. 4A). Correspondingly, NaF-induced imbalance in mitochon-
drial fusion/fission dynamics was prevented after RSV administra-
tion, as the reduction in mitochondrial fusion proteins while the
201
enhancement in mitochondrial fission proteins were noted
(Fig. 4B), which was corroborated by the immunoreactivities of
Mfn2 and Drp1 in IHC staining in both hippocampal and striatal
tissues (Fig. 4C, D, Fig. S1B, C). Additionally, NaF induced an
increase in protein expression of Cyto C as well as a decrease in
Nissl bodies, and this effected was restrained by RSV (Fig. 4E, F,



Fig. 2. SIRT1 activation by Ad-SIRT1 alleviates disrupted mitochondrial network dynamics and Cyto C release-driven apoptosis in SH-SY5Y cells treated with NaF. SH-
SY5Y cells were cultured with 60 mg/L NaF for 24 h following pretreated infection with adenovirus expressing SIRT1 (Ad-SIRT1, MOI = 200) or control adenovirus (Vector) for
24 h. (A) Representative western immunoblots of SIRT1 and corresponding quantitative data were expressed relative to GAPDH. (B) Representative confocal images showing
mitochondrial morphology stained by MitoTracker CMXRos in cells. Original magnification � 1000. Right panels were the enlarged views of the areas enclosed by write boxes
in left panels. (C) Representative western immunoblots of mitochondrial fusion proteins (Mfn1 and Mfn2) and fission proteins (Drp1 and Fis1). The corresponding
quantitative data were expressed relative to GAPDH. (D) Representative flow histograms and quantifications of MMP by JC-10 staining. (E) Representative western
immunoblots of apoptosis-related proteins including Cyto C, cleaved PARP and cleaved caspase-3, with corresponding quantitative data expressed relative to GAPDH. (F)
Representative captures of confocal images in cells showing colocalization of Cyto C with mitochondria in cells. Original magnification � 1000. Upper panels were merged
views of cells stained for Cyto C (green), MitoTracker CMXRos (red, for mitochondria), and DAPI (blue, for nuclei) in lower panels. (G) Representative flow histograms and
quantifications of apoptotic rates by Annexin V-FITC and PI staining. (H) Levels of survival rates in cells detected by CCK-8 assay. Results are expressed as mean ± SD from at
least three independent experiments and were analyzed by one-way ANOVA followed by Dunnett’s test. * P < 0.05 compared with the Vector group, # P < 0.05 compared with
the Vector+NaF group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. S1D). As again, the accumulation of Cyto C in rising apoptotic
neurons with TUNEL staining caused by NaF was rescued upon
RSV treatment (Fig. 4G, Fig. S1E). In contract, however, with NIC
co-treatment, aforementioned damaged effects of NaF on mito-
chondrial network dynamics and subsequent eliciting apoptosis
in rats’ neuronal tissue developed more aggravated (Fig. 4A-G,
Fig. S1A-E). Together, these results confirm the significant involve-
ment of SIRT1 in rescuing mitochondrial network dynamics and
following apoptosis, thus exerting protective role in the progress
of neurobehavioral deficits by fluoride.
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SIRT1 is directly targeted by miR-708-3p
We then questioned why SIRT1 is upregulated in response to

fluoride. The SIRT1 regulation properties of miRNAs and its thera-
peutic potential for various human disorders have been intensively
studied [14]. Thus, we performed miRNAs transcriptomic profiling
and found that among all miRNAs assayed, 42 were significantly
upregulated, while 9 were downregulated in hippocampus of
fluoride-exposed rats compared with control rats (Fig. 5A,
Table S2, 3). Also, we further searched for putative miRNAs of tar-
geting SIRT1 via combining common bioinformatics algorithms of



Fig. 3. Learning and memory impairments of rats induced by NaF are alleviated by SIRT1 activation with RSV. SD rats were exposed to 100 mg/L NaF for 6 months,
during which rats were treated with 200 mg/kg RSV or 100mk/kg NIC daily through gavage in last 2 months. (A) The schematic diagram illustrating the in vivo experimental
design. (B) Representative western blot brands and corresponding density analysis of SIRT1 in hippocampal and striatal tissues (n = 4 rats per group). GAPDH was used as a
loading control for protein expression. (C) Representative images of IHC staining of SIRT1 in hippocampal CA1 region (scale bar, 50 lm). SIRT1-positive expressed cells are
demonstrated by black arrows and quantified (n = 2 rats per group). (D) Representative searching traces of rat during the spatial probe test. (E-G) The number of crossing
platform (E), time (F) and distance (G) rats spent in the target quadrant (%) during the spatial probe test (n = 5 rats per group). Data are represented as mean ± SD. Difference
among data were assessed by One-way ANOVA with Dunnett’s test, * P < 0.05 compared with the Control group, # P < 0.05 compared with the NaF group.
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miRNA prediction programs (miRanda, RNAhybrid, and TargetS-
can), and a subset of 287 potential miRNAs were obtained
(Fig. 5B). Following integrated analysis of above two results, four
overlapped miRNAs (miR-708-3p, miR-29c-3p, miR-3085, and miR-
194-5p) were identified and could regulate SIRT1. Among the
selected four miRNAs, only miR-708-3p level was confirmed to be
substantially downregulated in rat neurons exposed to fluoride
(Fig. S2B) and in fluoride-treated SH-SY5Y cells (Fig. S2C). There-
fore, we selected miR-708-3p for further investigation. To confirm
the functional interaction betweenmiR-708-3p and SIRT1, we tran-
siently transfected miR-708-3p mimic or inhibitor into SH-SY5Y
cells. Enforced expression of miR-708-3p by mimic was confirmed
by qRT-PCR (Fig. 5C), which led to an obvious reduction of SIRT1
mRNA and protein levels (Fig. 5D, E). In contrast, administration
of the miR-708-3p inhibitor efficiently reduced the expression
levels of miR-708-3p (Fig. 5F) with concomitant enhanced expres-
sion of SIRT1 at gene and protein levels (Fig. 5G, H). In addition,
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we performed luciferase reporter assay to test whether miR-708-
3p can influence the expression of SIRT1 by directing targeting
SIRT1 30 UTR (Fig. 5I). SIRT1 30 UTRWT transfection in HEK293 cells
exhibited a lower luciferase activity in the presence of miR-708-3p
mimic compared with cells transfected SIRT1 30 UTR WT with miR-
708-3p NC, while co-transfected SIRT1 30 UTR MUT with miR-708-
3p mimic in HEK293 cells did not show a significant response
(Fig. 5J). Collectively, these data validate SIRT1 as a direct target
of miR-708-3p.

miR-708-3p mediates SIRT1 expression and Cyto C release-
driven apoptosis in SH-SY5Y cells under fluoride treatment

Subsequently, we attempted to investigate the influence ofmiR-
708-3p on cell susceptibility on fluoride neurotoxicity. Unexpect-
edly, when miR-708-3p expression was enforced using mimic
transfection in SH-SY5Y cells, we observed a dramatic deep reduc-
tion of cellular survival rate in response to fluoride treatment
(Fig. 6A). However, the inhibition of miR-708-3p by inhibitor injec-



Fig. 4. SIRT1 activation restores, while SIRT1 inhibition further impairs disrupted mitochondrial network dynamics and following Cyto C release-driven apoptosis in
neuronal tissues under fluoride treatment. SD rats were exposed to 100 mg/L NaF for 6 months, during which rats were treated with 200 mg/kg RSV or 100mk/kg NIC daily
through gavage in last 2 months. (A) Representative TEM images of mitochondrial ultrastructure in hippocampal tissues (n = 2 rats per group). The areas indicated by blue
boxes in top panel (scale bar, 2 lm) are shown at higher magnification in bottom panel (scale bar, 1 lm). Red arrows, abnormal mitochondrial ultrastructure including
swelling and elongation. Asterisk, nuclei. Mitochondrial area and length were quantified. (B) Representative western blotting and relative quantifications of mitochondrial
fusion and fission proteins in hippocampi and striata (n = 4 rats per group). (C, D) Representative images of IHC staining and immunoreactivity quantitative analyses of Mfn2
(C) and Drp1 (D) in CA1 region of hippocampi (scale bar, 50 lm). Black arrows denote positive expressed cells (n = 2 rats per group). (E) Representative western blotting and
relative quantifications of Cyto C in hippocampi and striata (n = 4 rats per group). (F) Representative captures of Nissl staining in CA1 region of hippocampi (scale bar,
100 lm). Black arrows denote Nissl-positive cells in red boxes (scale bar, 50 lm; n = 2 rats per group). (G) Representative images of colocalization of Cyto C expression with
TUNEL-labeled neuronal cells in CA1 region of hippocampi (scale bar, 50 lm). TUNEL: green, Cyto C: red, Nuclei: blue with DAPI. Write arrows denote the co-localized cells,
typical images of which were shown in write boxes (n = 2 rats per group). Data are represented as mean ± SD. GAPDH was used as a loading control for protein expression.
Difference among data were assessed by One-way ANOVA with Dunnett’s test, * P < 0.05 compared with the Control group, # P < 0.05 compared with the NaF group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tion led to an obvious reactivation of cell survival rate (Fig. 6A).
Furthermore, we observed that the fluoride-treated cells trans-
fected withmiR-708-3pmimic showed markedly repressed protein
expression of SIRT1 (Fig. 6B) and led to the aggravation of fluoride-
induced apoptosis-related proteins, as shown by increased protein
expression of cleaved PARP and cleaved caspase-3 (Fig. 6C). In con-
trast, miR-708-3p inhibitor was able to effectively inhibit fluoride-
induced apoptosis (Fig. 6E) associated with SIRT1 overactivation
(Fig. 6D). Moreover, overexpression of miR-708-3p sensitized fluo-
ride to exaggerate the protein expression of Cyto C (Fig. 6F), while
downregulation ofmiR-708-3p showed a strong inhibitory effect on
Cyto C activation in the presence of fluoride (Fig. 6G). Concomi-
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tantly, the formed Cyto C puncta in cells with fluoride treatment
was also markedly increased by miR-708-3p mimic but reduced
after introducing miR-708-3p inhibitor (Fig. 6H). These results
demonstrate that miR-708-3p mediates fluoride-induced changes
of SIRT1 expression and Cyto C release-driven apoptosis in SH-
SY5Y cells.

miR-708-3p mediates fluoride-induced mitochondrial net-
work dynamics disorders and resulting Cyto C release-apoptosis
by directly targeting SIRT1

The regulation ofmiR-708-3p on SIRT1 expression led us to con-
firm whether the physiological significance of miR-708-3p in fluo-
ride neurotoxicity is indeed through SIRT1-dependent pathway.



Fig. 5. SIRT1 is targeted by miR-708-3p directly. (A) Heatmap depicting differentially expressed miRNAs (adjusted P value < 0.05 and absolute log2(fold change) � 1) in rats
exposed to 100 mg/L NaF compared with the Control rats (n = 3 rats each group). The selected four miRNAs candidates were noted in red. (B) Venn diagram showing the
overlap of predicted 287 potential miRNAs of targeting SIRT1 using miRNA databases including miRanda, RNAhybrid, and TargetScan. (C-E) Relative changes of miR-708-3p
expression (C), mRNA (D) and protein (E) levels of SIRT1 in SH-SY5Y cells following transfection with miR-708-3p mimic. (F-H) miR-708-3p expression (F), mRNA (G) and
protein (H) levels of SIRT1 in SH-SY5Y cells following transfection withmiR-708-3p inhibitor. miRNA levels are expressed as a ratio to U6; mRNA levels are expressed as a ratio
to GAPDH. (I) Sequence of miR-708-3p potential binding sites within the 30 UTR of SIRT1 mRNA showing in red and the site-directed construction of SIRT1 30UTR mutants
(MUT). (J) Luciferase activities detected in HEK293T cells showing the effect of miR-708-3p mimic transfection on activity of the reporter containing SIRT1 30UTR with a
putative miR-708-3p recognition element. Data are represented as mean ± SD from at least three independent experiments. Difference among data were assessed by One-way
ANOVA with Dunnett’s test. For C–H, * P < 0.05 compared with the Control group. For J, * P < 0.05 compared with the SIRT1 30UTR-WT + mimic NC group. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Overactivation of SIRT1 in cells with Ad-SIRT1 transfection
(Fig. 7A) effectively rescued the deleterious effect of miR-708-3p
mimic in disordered mitochondrial network dynamics caused by
fluoride, as evidenced by the reduction of fusion proteins along
with the increase of fission proteins, and the improved mitochon-
drial morphology (Fig. 7B, C). As well, fluoride-triggered increase in
Cyto C and cleaved caspase-3 protein levels accompanied with the
accumulation of Cyto C puncta co-localized with mitochondria
were worsened by miR-708-3p mimic, which were restored upon
co-treatment with Ad-SIRT1 (Fig. 7D, E). On the other hand, after
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treatment with NIC, to further inhibit SIRT1 activation in miR-
708-3p down-expressing cells with fluoride treatment (Fig. 7F),
shifts in mitochondrial fusion/fission dynamics proteins were con-
ferred toward increased fusion and decreased fission (Fig. 7G), a
result consistent with the phenomenon with more lengthened
structural architecture of mitochondria (Fig. 7H). Furthermore,
the beneficial effect of miR-708-3p inhibition in fluoride-induced
apoptosis were counteracted in the presence of NIC, as shown by
the aggravation of Cyto C puncta co-localized with mitochondria
as well as the increased protein levels of Cyto C and cleaved



Fig. 6. miR-708-3p regulates fluoride-induced changes of SIRT1 expression and Cyto C release-driven apoptosis in SH-SY5Y cells. SH-SY5Y cells were cultured with
60 mg/L NaF for 24 h after infection of 10 nM miR-708-3pmimic (or 50 nM miR-708-3p inhibitor) or corresponding NC for 24 h. (A) Levels of cellular survival rats detected by
CCK-8 assay. (B-C) Representative western blot brands and corresponding density analyses of SIRT1 (B) and apoptosis-related proteins (cleaved PARP and cleaved caspase-3)
(C) in cells co-cultured with NaF and miR-708-3p mimic. (D-E) Representative western blot brands and corresponding density analyses of SIRT1 (D) and apoptosis-related
proteins (cleaved PARP and cleaved caspase-3) (E) in cells co-cultured with NaF and miR-708-3p inhibitor. (F) Representative western blot brands and corresponding density
analyses of Cyto C in cells co-cultured with NaF and miR-708-3p mimic. (G) Representative western blot brands and corresponding density analyses of Cyto C in cells co-
cultured with NaF and miR-708-3p inhibitor. (H) Representative confocal images of Cyto C-labeled (green) cells, nuclei were stained with DAPI (blue). Original
magnification � 1000. GAPDH was used as a loading control for protein expression. Data are represented as mean ± SD from at least three independent experiments.
Difference among data were assessed by One-way ANOVA followed by Dunnett’s test, * P < 0.05 compared with the Control group, # P < 0.05 compared with the NaF group.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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caspase-3 (Fig. 7I, J). These results strongly suggest that miR-708-
3p regulates mitochondrial network dynamics disruption and fol-
lowing apoptosis in fluoride-treated cells through directly target-
ing SIRT1.
Discussion

SIRT1 is widely expressed in neurons and the downregulation of
SIRT1 expression grows the increased risk for developmental of
206
brain diseases [25]. In brain tissues of patients suffering from
Alzheimer’s disease, the expression of SIRT1 was decreased [26].
However, with regard to fluoride-induced neurotoxicity, data from
our present and previous study both showed that fluoride-exposed
rats displayed cognitive impairments along with enhanced SIRT1
expression [20]. Similarly, induction of SIRT1 levels were also
observed in different tissues under fluoride treatment including
ameloblast-derived LS8 cells [27] and serum of female rats and
women [28,29], which are considered as an insufficient adaptive
protective response. To confirm our results, we further demon-



Fig. 7. miR-708-3p regulates disrupted mitochondrial network dynamics and resulting Cyto C release-driven apoptosis in NaF-treated SH-SY5Y cells by directly
targeting SIRT1. For A-E, after infection withmiR-708-3pmimic (10 nM) plus Ad-SIRT1 (MOI = 200) or Vector for 24 h, SH-SY5Y cells were cultured with 60 mg/L NaF for 24 h.
(A) Representative western immunoblots of SIRT1 and corresponding quantitative data were expressed relative to GAPDH. (B) Representative western immunoblots of
mitochondrial fusion and fission proteins, with density analyses expressed relative to GAPDH. (C) Representative confocal images showing mitochondrial morphology stained
by MitoTracker CMXRos in cells. Original magnification � 1000. Right panels were the enlarged views of the areas enclosed by write boxes in left panels. (D) Representative
confocal images showing colocalization of Cyto C with mitochondria in cells. Original magnification � 1000. Upper panels were merged views of cells stained for Cyto C
(green), MitoTracker CMXRos (red, for mitochondria), and DAPI (blue, for nuclei) in lower panels. (E) Representative western immunoblots of apoptosis-related proteins
including Cyto C and cleaved caspase-3, with density analyses expressed relative to GAPDH. For F-J, after infection with miR-708-3p inhibitor (50 nM) for 24 h, SH-SY5Y cells
were cultured with 60 mg/L NaF in the absence or presence of 3 mMNIC for 24 h. (F) Representative western immunoblots of SIRT1 and corresponding quantitative data were
expressed relative to GAPDH. (G) Representative western immunoblots of mitochondrial fusion and fission proteins, with density analyses expressed relative to GAPDH. (H)
Representative confocal images showing mitochondrial morphology stained by MitoTracker CMXRos in cells. Original magnification � 1000. Right panels were the enlarged
views of the areas enclosed by write boxes in left panels. (I) Representative confocal images showing colocalization of Cyto C with mitochondria in cells. Original
magnification � 1000. Upper panels were merged views of cells stained for Cyto C (green), MitoTracker CMXRos (red, for mitochondria), and DAPI (blue, for nuclei) in lower
panels. (J) Representative western immunoblots of apoptosis-related proteins including Cyto C and cleaved caspase-3, with density analyses expressed relative to GAPDH.
Data are represented as mean ± SD from at least three independent experiments. Difference among data were assessed by One-way ANOVA followed by Dunnett’s test,
& P < 0.05 compared with the Control group, * P < 0.05 compared with the NaF group, # P < 0.05 compared with the NaF + miR-708-3p mimic (or inhibitor) group.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strated that learning and memory impairments of fluoride-
exposed rats were effectively attenuated after promotion of SIRT1
by RSV but were worsened after suppression of SIRT1 by NIC, sug-
gesting the important protective involvement of SIRT1 activation
against cognitive defects induced by fluoride.
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The therapeutic significance of SIRT1 in diverse neurological
disorders via it-mediated signaling pathways has been well
accepted and established [30]. Till it has been well reported about
the regulation of SIRT1 on target molecules involved in apoptosis
[31]. In a study investigating the influence of folic acid on
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fluoride-treated oocytes, folic acid were proven exerting a benefi-
cial effect by impeding apoptosis via a SIRT1 dependent mecha-
nism [32]. Our previous study showed that fluoride caused
apoptosis by inhibiting SIRT1 activation in SH-SY5Y cells [10].
Here, combining in vivo and in vitro models, we further validated
that fluoride-induced apoptosis detected by the increase of cleaved
PARP and cleaved caspase-3 levels were suppressed by activating
SIRT1 and in turn aggravated after inhibiting SIRT1. Consistently,
the protective effect of dihydronicotinamide riboside-induced
hair-cell were antagonized by inhibition of SIRT1 and alleviated
by activation of SIRT1 [33]. In particular, Cyto C release from mito-
chondria reduced by fluoride were rescued by SIRT1 activation
whereas exacerbated by SIRT1 inhibition, were further demon-
strated in our current study. This is in consistence with recent
work showing the protective role of SRIT1 in conveying fluoride-
caused apoptosis in osteoblast-like MC3T3-E1 cells [34] and in
ameloblast-derived LS8 cells [27]. Herein, all of these data provided
compelling evidence showing the crucial role of SIRT1-alleviated
Cyto C-driven apoptosis pathway in neurotoxic process from fluo-
ride injuries.

Cyto C activation, the critical event in apoptosis, releases from
mitochondria and often reflects dysfunction of mitochondria [35].
There is growing evidence indicating that SIRT1 is a promising
molecular target for the treatment of mitochondrial dysfunction
and neurological disorders via regulating mitochondrial quality
control [36,37]. Notably, homeostasis of mitochondrial network
dynamics is crucial for maintaining normal mitochondrial function
[38]. In our previous study, mitochondrial fusion/fission disequilib-
rium characterized by fusion promotion/fission suppression was
found contributing to fluoride neurotoxicity [11]. Our results fur-
ther confirmed that SIRT1 inhibition exacerbated, while SIRT1 acti-
vation recovered the imbalance of mitochondrial fusion/fission
phenotypes as well as resulting over-elongated structure and dys-
function of mitochondria induced by fluoride, suggestive of the
connections between SIRT1 and mitochondrial network dynamics,
namely SIRT1 activation exerted neuroprotective actions under flu-
oride treatment via restoring mitochondrial network dynamics.
Our results are concordant with the findings in a prior study con-
cerning the cardioprotection of SIRT1 against ischemia/reperfusion
(I/R) injury, where age-related deficiency of SIRT1 contributed to
the higher alterations of Mfn1 and Mfn2, resulting in cardiac dys-
function by I/R [39]. However, there has been some controversy
regarding the function of SIRT1 in mitochondrial fusion/fission
dynamics. For example, in studies exploring the therapeutic inter-
vention against hypoxia/reoxygenation-induced cardiac dysfunc-
tion, RSV promoted both mitochondrial fission and fusion to
regulate mitochondrial mass [40]. Another study on mitochondrial
network fragmentation in cadmium (Cd)-treated hepatic cells, the
alleviation of Cd-induced mitochondrial ultrastructural damage by
puerarin, manifested by inhibited fusion protein levels and
enhanced fission protein levels, were markedly reversed by SIRT1
knockdown [41]. Although mitochondrial network dynamics
exhibited differently in various studies, mitochondria undergo dis-
ruption of mitochondrial network integrity once the balance of
fusion and fission were broken [42]. Given the possible difference
in susceptibility of mitochondrial network dynamics under differ-
ent environment of toxicant exposure, our results highlighted the
alleviative effects of SIRT1 in fluoride-induced neuronal damage
via reshaping mitochondrial network dynamics.

Nowadays SIRT1 has been reported to be negatively regulated
by several miRNAs in various biological mechanisms of diseases
[43]. Accordingly, we hypothesized that SIRT1 may constitute an
important target regulated by miRNAs in fluoride neurotoxicity,
as deregulated miRNAs have been reported in not only human
osteoblasts [44] but also hippocampus [19] in in vivo fluoride mod-
els. Additionally, elevated miR-221-3p was observed in fluoride-
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treated PC12 cells in our prior study [45]. In this regard, miRNAs
targeting SIRT1 were firstly screened based on the results of miR-
NAs sequencing and bioinformatic analyses, with stable downreg-
ulated miR-708-3p in in vivo and in vitro fluoride models selected
ultimately. Here, we further observed that miR-708-3p mimic sup-
pressed, while miR-708-3p inhibitor promoted SIRT1 expression,
which further confirmed the targeting relationship between miR-
708-3p and SIRT1. Also, miRNAs are known to be able to bind to
30 UTR of mRNA and inhibit mRNA protein translation [46]. Lucifer-
ase reporter assay in this work verified the direct link between
miR-708-3p and its binding site within SIRT1 mRNA. These findings
are the first, to our knowledge, to report SIRT1 as a direct target
gene of miR-708-3p.

Only a few studies focusing on dysregulatedmiR-708-3p expres-
sion were documented in recently years. In the lung of post-
COVID-19 patients, expression of miR-708-3p presented a down-
regulation [47]. Moreover, miR-708-3p was found to be decreased
and overexpression of miR-708-3p alleviate progression of diseases
including myocardial infarction [48], breast cancer [49], and idio-
pathic pulmonary fibrosis [50]. In this work, despite miR-708-3p
downregulation in SH-SY5Y cells under fluoride treatment, how-
ever, we observed that mitochondrial abnormalities along with fol-
lowing apoptosis induced by fluoride were counteracted by miR-
708-3p inhibitor and in turn worsened by miR-708-3p mimic, sug-
gesting the restorative effects of miR-708-3p decrease in fluoride-
caused cell death. In commonwith our results, in both the bone tis-
sue of postmenopausal osteoporosis rat model and osteoporosis
patients, miR-708-3p was highly expressed and positively regu-
lated osteoclast differentiation [51]. This is the first study reporting
the potential role of miR-708-3p inhibition in alleviating develop-
ment of neuronal death by fluoride. In this paper, besides, we sys-
tematically and rigorously investigated the regulatory mechanisms
of miR-708-3p in fluoride neurotoxicity and strongly indicated that
the protective roles of miR-708-3p inhibition in fluoride-induced
neuronal injury was indeed through stimulating SIRT1 expression
directly and following restoration of mitochondrial network
dynamics in vitro. Alike, in late-stage Parkinson’s disease, upregu-
lation of miR-543 triggered SIRT1 inhibition and influenced the
early white matter alterations observed in patients [52]. Still,
future studies are required to verify with statistical confidence
the biological function of miR-708-3p in in vivo model of fluoride
neurotoxicity.

Our study still has some limitations. First, it is noteworthy that
among sirtuin family members, SIRT1 and SIRT3, localized to the
nucleus and mitochondria respectively, is both critical in maintain-
ing mitochondrial homeostasis and the potential roles of their
interaction have been explored [53,54]. Considering that neuronal
injury induced by fluoride is partly mediated by SIRT3 inhibition
reported in a previous study [55], it is necessary to carry out fur-
ther investigation aiming at determining whether fluoride-
induced abnormal mitochondrial network dynamics is regulated
directly by SIRT1 or through the interaction of SIRT1 with SIRT3.
Another limitation is that we mainly focused on alterations in
SH-SY5Y cells and female rats in the current study. More exhibition
of data in male rats and primary neuronal cells are still needed in
the following studies to confirm our findings comprehensively.
Conclusions

In summary, the in vitro and in vivo bidirectional targeting reg-
ulations of SIRT1 were used to validate that SIRT1 activation
exerted a protective role in neuronal injuries induced by fluoride
via restoring mitochondrial network dynamics disorders and fol-
lowing Cyto C release-driven apoptosis. More importantly, we
revealed an unreported role of miR-708-3p as identified targeting
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SIRT1 under fluoride-injured conditions. Altogether, these results
underscore the functional importance of SIRT1 activation in neuro-
toxic process of fluoride and further hint at the beneficial effects of
inhibiting miR-708-3p, an upstream regulator of targeting SIRT1.
Our findings may help to establish new theoretical basis for
improving preventative and therapeutic options for neurotoxic
progression by fluoride.
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