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Abstract
Sirtuin1 (SIRT1) is an (NAD+)-dependent deacetylase functioning in the regulation of
metabolism, cell survival and organismal lifespan. Active SIRT1 regulates autophagy during cell
stress, including calorie restriction, endoplasmic reticulum stress and oxidative stress. Previously,
we reported that fluoride induces endoplasmic reticulum (ER) stress in ameloblasts responsible for
enamel formation, suggesting that ER-stress plays a role in dental fluorosis. However, the
molecular mechanism of how cells respond to fluoride-induced cell stress is unclear. Here, we
demonstrate that fluoride activates SIRT1 and initiates autophagy to protect cells from fluoride
exposure. Fluoride treatment of ameloblast-derived cells (LS8) significantly increased Sirt1
expression and induced SIRT1 phosphorylation resulting in the augmentation of SIRT1
deacetylase activity. To demonstrate that fluoride exposure initiates autophagy, we characterized
the expression of autophagy related genes (Atg); Atg5, Atg7 and Atg8/LC3 and showed that both
their transcript and protein levels were significantly increased following fluoride treatment. To
confirm that SIRT1 plays a protective role in fluoride toxicity, we used resveratrol (RES) to
augmented SIRT1 activity in fluoride treated LS8 cells. RES increased autophagy, inhibited
apoptosis, and decreased fluoride cytotoxicity. Rats treated with fluoride (0, 50 and 100 ppm) in
drinking water for 6 weeks had significantly elevated expression levels of Sirt1, Atg5, Atg7 and
Atg8/LC3 in their maturation stage enamel organs. Increased protein levels of p-SIRT1, ATG5 and
ATG8/LC3 were present in fluoride-treated rat maturation stage ameloblasts. Therefore, the
SIRT1/autophagy pathway may play a critical role as a protective response to help prevent dental
fluorosis.
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1. Introduction
Fluoride is a specific and effective caries prophylactic and its addition to drinking water at a
concentration of 0.7 ppm is recommended by the Centers for Disease Control and
Prevention (CDC; 2011). However, chronic ingestion of excess fluoride causes dental
fluorosis [1] which is manifested as mottled, discolored, porous enamel that is susceptible to

© 2013 Elsevier B.V. All rights reserved.
*Corresponding author at: Department of Mineralized Tissue Biology, The Forsyth Institute, 245 First Street, Cambridge, MA 02142,
USA, Tel.: +1-(617) 892-8388; Fax: +1-(617) 892-8510 jbartlett@forsyth.org (J.D. Bartlett).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2015 February 01.

Published in final edited form as:
Biochim Biophys Acta. 2014 February ; 1842(2): 245–255. doi:10.1016/j.bbadis.2013.11.023.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decay [2]. Compared to normal enamel, fluorosed enamel has a lower mineral content and a
higher protein content [3–9] and therefore has reduced hardness. Acute or chronic fluoride
over-exposure can also result in skeletal fluorosis [10], renal toxicity [11], epithelial lung
cell toxicity [12] and reproductive toxicity [13]. Over-ingestion of fluoride from various
sources such as beverages and toothpaste can also cause dental fluorosis, resulting in
hypomineralized, stained and brittle teeth. Recent reports indicate that as many as 32% of
children in the United States suffer from mild to severe forms of dental fluorosis [14] and
that this number is increasing [15].

Fluoride is also an environmental health hazard. On June 8, 1783 the Laki volcanic crater in
Iceland erupted and continued erupting until February 1784. This released an estimated 8
million tons of hydrogen fluoride (HF) [16]. Grazing livestock had severe fluorosis
symptoms including softening and deformation of bones and joints. In areas thick with fine
ash, mass death occurred within 8–14 days of the initial eruption and more than 60% of the
grazing livestock died from HF poisoning in less than a year [17]. In the summer of 1783 the
fallout created a haze in parts of France that increased the human death rate by 38% [16].
Currently, in the US over 200,000 children are in areas with fluoride levels in drinking water
higher than 4 ppm [18] and the incidence of dental fluorosis has risen by 9% within the last
15–20 years [14]. Therefore, fluoride at permissible concentrations protects against tooth
decay, but at high concentrations fluoride is a toxin.

Enamel development occurs in stages [19]. The cells of the enamel organ responsible for
enamel formation are the ameloblasts. They occur as a single layer of cells located directly
adjacent to the forming enamel. During the secretory stage the tall columnar ameloblasts
secrete proteins into the enamel matrix. During the maturation stage the ameloblasts shorten
and reabsorb the secreted proteins. It is during the maturation stage when most of the
mineral precipitates and this process generates abundant hydrogen ions causing the
ameloblasts to be exposed to an acid environment (pH<6.0) [20]. Acid promotes the
conversion of fluoride into highly toxic HF that can easily penetrate the cell membrane. We
Have shown that acid increases fluoride toxicity and that the acid environment of maturation
stage ameloblasts makes these cells more susceptible to the toxic effects of fluoride
exposure. Specifically, we demonstrated previously that mRNA expressed during the
maturation stage (Klk4 and Amtn) displayed reduced expression in vivo after fluoride
exposure whereas fluoride had no effect on the expression levels of mRNA generated during
the secretory stage (Ambn, Amel, Enam and Mmp20) [21]. Kalikrein-4 (KLK4) is important
because it cleaves enamel matrix proteins during the maturation stage to facilitate their
export out of the hardening enamel. Since fluorosed enamel has a greater than normal
protein content, a lack of KLK4 activity may be responsible for the elevated protein levels.
We and others have shown that high doses of fluoride cause cell stress [22–24] and that cells
of dental tissues such as ameloblasts [25–27] and odontblasts [28] are affected. However,
little is known about the molecular mechanisms that cause or protect cells and tissues from
fluoride toxicity.

Sirtuins are nicotinamide adenine dinucleotide (NAD+)-dependent class III deacetylases and
are the mammalian homologues of yeast silent information regulator-2 (Sir2) [29–31].
Sirtuins remove acetyl groups from protein substrates ranging from histones to
transcriptional regulators thereby regulating the biological functions of the substrates post-
translationally [32]. In mammals the sirtuin family comprises seven proteins (SIRT1 to
SIRT7) [33]. SIRT1 is most closely related to the Sir2 gene of Saccharomyces cerevisiae
[34] and is itself regulated post-transcriptionally via phosphorylation [35–37]. Residues
Thr530 and Ser540 are phosphorylated by cyclinB/Cdk1 [36], and Ser27, Ser47 and Thr530
are phosphorylated by c-Jun N-terminal kinase 1 (JNK1) [37]. Phosphorlyated SIRT1 (p-
SIRT) is an active deacetylase compared to its non-phosphorylated form [36]. By
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deacetylating target substrates, including FOXOs, PGC-1α and p53, SIRT1 assists in
resisting stress caused by caloric restriction (CR), oxidative stress and endoplasmic
reticulum (ER) stress [38–41]. Thus, SIRT1 promotes cell survival by modulating cellular
processes involved in the maintenance of homeostasis and stress adaptation.

SIRT1 regulates autophagy during cell stress [42, 43]. Macroautophagy, generally referred
to as autophagy, is a phylogenetically conserved intracellular catabolic process that allows
for the degradation of cytoplasmic components, such as damaged proteins and organelles
[44–46]. Autophagic activities are mediated by a multi-step process, involving the formation
of double-membrane vesicles known as autophagosomes. Autophagic activities are mediated
by a complex molecular machinery including approximately 50 lysosomal hydrolases and
more than 30 autophagy related genes (Atg) that are conserved from yeast to mammals [47,
48]. Autophagy is induced by a variety of stress stimuli, including CR [49], hypoxia [50],
oxidative stress [51], ER-stress [52], and DNA damage [53]. Autophagy is mostly
cytoprotective and ameliorates cell stress. Pharmacological induction of autophagy improves
cell survival while autophagy inhibition promotes cell death [54–56]. SIRT1 deacetylates
the major regulators of autophagy [57] including ATG5, ATG7 and ATG8/LC3 [43, 58–60].

Resveratrol (RES) is a natural herbal compound found in grapes, peanuts and other plants.
RES activates SIRT1 [61], induces autophagy [62] and increases adenosine 5´-
monophosphate-activated protein kinase (AMPK) phosphorylation [63]. To date, many
studies have assessed the biology and pharmacology of RES, including the molecular
mechanisms of resveratrol´s cytoprotection [64] which led to the identification of multiple
molecular RES targets [65]. RES is not only a SIRT1 activator, but also functions as a
phytoalexin, antioxidant, cyclooxygenase (COX) inhibitor, peroxisome proliferator-
activated receptor-alpha (PPAR-α) activator, and an endothelial nitric oxide synthase
(eNOS) inducer. Recent results show several potential beneficial effects of RES
administration. RES prevents or slows the progression of a wide variety of pathologies,
including neuronal disease [66–69], obesity [70], cardiovascular disease [71], and cancer
[72]. Therefore, RES may someday be of therapeutic value.

At low doses as recommended by the CDC, fluoride protects against dental caries. However
at high doses, fluoride is toxic and its toxicity increases in an acidic environment. Herein,
we examine how cells adapt to the toxic effects of high dose fluoride exposure by
demonstrating in vitro and in vivo that SIRT1 and autophagy are key components in the
adaptive response to fluoride toxicity.

2. Materials and methods
2.1. Animals

Sprague-Dawley rats (6-week-old) were purchased from Charles River Laboratories
(Wilmington, MA) and were provided water containing 0, 50, 100 or 125 ppm fluoride as
sodium fluoride ad libitum. After 6 weeks, animals were euthanized and incisor enamel
organs, separated into the secretory and maturation stages of enamel development, were
extracted for qPCR assays and complete incisors were used for immunohistochemical
analysis. All animals were treated humanely and all handling procedures were approved by
the Institutional Animal Care Use Committee (IACUC) at The Forsyth Institute. The Forsyth
Institute is accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) and follows the Guide for the Care and Use of
Laboratory Animals (NRC1996).
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2.2. Cell culture
The mouse ameloblast-derived cell line (LS8) was maintained in alpha minimal essential
medium with GlutaMAX (Life Technologies, Grand Island, NY) supplemented with fetal
bovine serum (10%) and sodium pyruvate (1 mM). Sodium fluoride: NaF (Cat. S299-100,
Fisher Scientific, Pittsburgh, PA), Resveratrol (Cat. R5010-100MG, Sigma, St. Louis, MO),
and Inauhzin (Cat. 566332, Calbiochem, San Diego, CA) were included as indicated.

2.3. Real-time PCR analysis (qPCR)
Total RNA was extracted from LS8 cells or rat enamel organs using Direct-zol™ RNA
MiniPrep (Zymo Research Corp., Irvine, CA) according to the manufacturer’s instructions.
Total RNA (1 µg) was reverse transcribed into cDNA using Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnostics, Minneapolis, MN). The cDNA was subjected to real-time
PCR amplification on a Light Cycler 480 Real-Time PCR System (Roche Diagnostics). The
internal reference control gene was Eef1a1. We have performed several analyses to identify
an internal reference control gene with a consistent expression level among various fluoride
treatment concentrations and Eef1a1 was the gene of choice (unpublished data). The relative
expression of the target gene was determined by the 2−ΔΔCT method [73]. The following
primers were synthesized by Invitrogen (Grand Island, NY). For murine LS8 cells: Sirt1,
forward: 5’-GCTGGGGTTTCTGTCTCCTG-3’, reverse:5’-
GACACAGAGACGGCTGGAAC-3’; Atg5, forward: 5’-
GTGCTTCGAGATGTGTGGTTTGGA-3’, reverse: 5’-
CGTCAAATAGCTGACTCTTGGCAA-3’; Atg7, forward: 5’-
GCTAATGGACACCAGGGAGA-3’, reverse: 5’-AAAAAGTGAGGAGCCCAGGT-3’;
Atg8/LC3, forward: 5’-ATCATCGAGCGCTACAAGGGTGA-3’, reverse: 5’-
GGATGATCTTGACCAACTCGCTCAT-3’; Eef1a1 forward: 5’-
GTCGCAGGGGCTTGTCAGTT-3’, reverse:5’-ACCCGCAAAGATGGCAGTG-3’. For rat
enamel organ: Sirt1, forward: 5’-GGTATTTATGCTCGCCTTGCTG-3’, reverse: 5’-
GTGACACAGAGATGGCTGGAACT-3’; Atg5, forward: 5’-
GCTTCGAGACGTGTGGTTTGGA-3’, reverse:5’-
GCGTCAAATAGCTGACTCTTGGCA-3’; Atg7, forward: 5’-
GCTGGTCTCCTTGCTCAAAC-3’, reverse: 5’-GGGTGCTGGGTTAGGTTACA-3’; Atg8/
LC3, forward: 5’-ATCATCGAGCGCTACAAGGGTGA-3’, reverse: 5’-
GGATGATCTTGACCAACTCGCTCAT-3’; Eef1a1, forward: 5’-
TGATGCCCCAGGACACAGAGACT-3’, reverse: 5’-
GATACCAGCTTCAAATTCCCCAACAC-3’.

2.4. Western blot analysis
LS8 cells were treated with NaF for the indicated concentrations and times and proteins
were extracted with RIPA buffer (25mM Tris·HCl pH7.4, 150mM NaCl, 1% NP-40, 1mM
EDTA, 5% glycerol) containing Halt protease inhibitor cocktail (Cat.78442, Thermo
Scientific, Rockford, IL). Proteins (10–30 µg) were loaded onto Mini-Potean® TGX™ gels
(Biorad, Hercules, CA), transferred to Trans-Blot Turbo Transfer nitrocellulose membranes
(Biorad) and probed with primary antibodies. Primary antibodies included: rabbit anti-
pSIRT1 [pSer47] (Bioss, Inc., Woburn, MA); rabbit anti-SIRT1, rabbit anti-β-actin, rabbit
anti-ATG5, rabbit anti-ATGg7, rabbit anti-LC3, rabbit anti-Caspase-3 and rabbit anti-PARP
(Cell Signaling, Danvers, MA). The secondary antibody was HRP-conjugated goat anti-
rabbit IgG (Biorad).

2.5. Immunocytochemistry and immunohistochemistry
LS8 cells were cultured on micro cover glasses (VWR, Radnor, PA) in 24 well plates and
treated with NaF (3.0 mM) or RES (100 µM) for 2 h. Cells were fixed with 4%
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formaldehyde and stained with rabbit anti-pSIRT [pSer47] (Bioss). The secondary antibody
was Alexa Fluor 488-conjugated goat anti-rabbit IgG (Cell signaling). DRAQ5 (Cell
signaling) was used for nuclear staining and subsequent analysis by confocal fluorescence
microscopy (Leica Microsystems, Mannheim, Germany). Immunohistochemistry was
performed as described previously [27]. Briefly, rat incisors were extracted, fixed and
embedded in paraffin. Sections were incubated with rabbit anti-pSIRT [pSer47] (Bioss),
rabbit anti-ATG5 or rabbit anti- LC3A/B (Abcam, Cambridge, MA), followed by incubation
with a peroxidase-conjugated antibody, Vectastain Elite ABC Regent, (Vector Labs,
Burlingame, CA) and ImmPACT™ DAB kit (Vector Labs). Sections were counterstained
with 0.1% Fast Green in PBS and examined by light microscopy.

2.6. (NAD+)-dependent deacetylase activity assay (SIRT1–7)
LS8 cells were cultured in 96 well plates and treated with NaF (0.0, 0.5, 1.0, 3.0 and 5.0
mM) for 6 h. The Cyclex SIRT1/Sir2 Deacetylsase Fluorometric Assay Kit (CycLex Co.,
Lid.,Nagano, Japan) was used according to the manufacturer’s protocol. In brief, cell
proteins were extracted with lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate) and added to reaction mixture containing 50 mM Tris–
HCl pH 8.8, 4 mM MgCl2, 0.5 mM DTT, 0.25 mAU/ml lysyl endopeptidase, 1 mM
trichostatin A, 20 mM fluoro-substrate peptide, and 200 mM (NAD+). The samples were
mixed and incubated for 30 min at RT and the fluorescence intensity (ex. 355 nm, em. 460
nm) was recorded every 10 min over the course of 1 h and results were normalized to the
protein concentration. The control (0.0 mM NaF) was assigned as 1, and the effects of NaF
treatment were expressed as ratios relative to this value.

2.7. Cell proliferation assay
To assess cell proliferation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays were performed. LS8 cells were cultured overnight in 96-well plates and then
the indicated concentrations of NaF were added in the presence or absence of RES (10 and
100 µM). After 24 h, the MTT assay (Sigma) was performed as described previously [27].

2.8. Statistical analysis
For quantitative real-time PCR (qPCR) results of Sirt1 and Atgs in vitro, differences among
the two groups were analyzed by Student’s t-test. Sirt1 qPCR results were also assessed by
regression analysis. All data were presented as the mean ± standard deviation (SD). For
Sirtuin deacetylase activity and qPCR results of Atgs in vivo, regression analyses were
performed. p < 0.05 was considered statistically significant.

3. Results
3.1. Fluoride induces Sirt1 expression in dose dependent manner

Since Sirt1 expression is induced by ER-stress and since we have previously demonstrated
that fluoride causes ER-stress in cell lines and ameloblasts [25, 27], we asked if fluoride also
induces Sirt1 expression. The ameloblast-derived cell line (LS8) was treated with 0.0, 0.5,
1.0 or 3.0 mM fluoride as sodium fluoride for 4 h and the expression of Sirt1 mRNA was
quantified by qPCR with Eef1a1 as the reference control gene. Fluoride significantly
increased Sirt1 gene expression (p < 0.01) and this expression increased with increasing
fluoride concentrations (Fig. 1A). A regression analysis (Fig. 1B) revealed a highly
significant value (p < 0.0001) demonstrating that fluoride strongly induces Sirt1 in a dose-
dependent manner.

Suzuki and Bartlett Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2. Fluoride induces SIRT1 phosphorylation
The phosphorylated form of SIRT1 has increased enzymatic activity [36, 37]. So, we asked
if in addition to increasing Sirt1 gene expression, does fluoride also induce SIRT1
phosphorylation. LS8 cells were treated with 5.0 mM fluoride for 0–6 h and phosphorylation
of Ser47 was evaluated. Western blots demonstrated that fluoride did enhance SIRT1
phosphorylation (p-SIRT1) in a time dependent manner (Fig. 2A)The ratio of p-SIRT1 to
total Sirt1 (t-SIRT1) was increased time dependently (approximately 2 fold at 1h and 9 fold
at 6h compared to the 0h time point). Enhancement of p-SIRT1 by lower concentrations of
NaF (2.0 mM) was also observed after 24 h and 48 h of fluoride treatment (data not shown).
RES activates SIRT1 by stimulating its phosphorylation [74] and immunocytochemical
experiments showed that both fluoride (3.0 mM; 2 h) and RES (100 µM; 2 h) enhanced
SIRT1 phosphorylation in LS8 cells (Fig. 2B).

3.3. Fluoride induces SIRT1–7(NAD+)-dependant deacetylase activity
Since fluoride induced SIRT1 phosphorylation and SIRT1 deacetylase activity is typically
enhanced by phosphorylation, we sought to confirm that fluoride stimulates NAD(+)-
dependent deacetylase activity. LS8 cells were treated with 0.0–5.0 mM fluoride at 1.0 mM
increments for 6 h and deacetylase activity was quantified by use of a florometric assay.
Fluoride did significantly increase (NAD+)-dependent deacetylase activity (p < 0.0001) in a
dose dependent manner (Fig. 3) confirming that the fluoride-mediated increase in SIRT1
phosphorylation is associated with a corresponding increase in deacetylase activity.

3.4. RES activates SIRT1 and ameliorates the anti-proliferative effects observed in fluoride
treated LS8 cells

Here we test whether SIRT1 acts to mitigate the toxic effects of fluoride exposure.
Previously, we showed that fluoride inhibits proliferation of LS8 cells [27] and now we ask
if enhancing SIRT1 activity with RES will help recover LS8 proliferation. In addition to our
immunocytochemical results (Fig. 2B), we performed western blots to confirm RES induces
SIRT1 phosphorylation and to determine if this phosphorylation is time dependent. RES
(100 µM) induced SIRT1 phosphorylation within 2 h and this induction remained steady and
elevated for the next 3 h (Fig. 4A). LS8 cells were treated with 5.0 mM fluoride for 24 h and
were then harvested and counted in the presence of a viability stain. Fluoride treatment
significantly inhibited cell proliferation, but did not affect LS8 viability (Fig. 4B). Next we
performed MTT assays over a wide range of fluoride concentrations to evaluate the effect of
fluoride and RES on LS8 cell proliferation. LS8 cells were treated with 0.0–10.0 mM
fluoride at 1.0 mM increments for 24 h in the absence or presence of 10 µM RES. MTT
assays showed that RES promoted a higher rate of LS8 proliferation starting with the 2.0
mM fluoride dose that continued for each higher dose measured (Fig. 4C). Inauhzin (INZ)
inhibits SIRT1 activity [75, 76]. So we employed MTT assays to evaluate the effect of
SIRT1 inhibitors on proliferation of LS8 cells treated with 5.0 mM fluoride for 24 h. RES at
10 or 100 µM significantly (p < 0.01) reversed the anti-proliferative effects of fluoride in a
dose-dependent manner. In contrast, the SIRT1 inhibitor INZ eliminated the RES-mediated
amelioration of LS8 cell proliferation in the presence of fluoride (Fig. 4C). These data
suggest that augmentation of SIRT1 plays a protective role against fluoride cytotoxicity.

3.5. Fluoride induces autophagy in LS8 cells
SIRT1 deacetylase activity is induced by cell stress and is an important regulator of
autophagy [43, 59, 60]. Since we demonstrated that fluoride augments SIRT1 deacetylase
activity, we also asked if fluoride is capable of initiating autophagy via induction of
autophagy related gene expression. LS8 cells were treated with 3.0 mM fluoride for 4 h and
expression of Atg5, Atg7 and Atg8/LC3 mRNA were quantified by qPCR. Fluoride treatment
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significantly increased (p < 0.01) the expression of Atg5 (2.4 fold), Atg7 (7.5 fold) and Atg8/
LC3 (3.3 fold) compared to the 0.0 mM treatment control (Fig. 5A). Western blots were
performed to determine if fluoride also induced ATG protein levels. LS8 cells were treated
with the indicated concentration of fluoride for 24 h prior to protein extraction. Fluoride
increased ATG5 and ATG7 expression in a dose dependent manner. Fluoride also
augmented the formation of LC3 II which is an indicator of autophagozome formation. (Fig.
5B). However LC3 II levels in cells treated with higher concentrations of fluoride (3 mM)
were the same as control levels after 24 h treatment, suggesting that LC3 II formation may
be a “switch” that responds to relatively low dose fluoride, but that remains off at higher
doses that may lead to a different pathway such as apoptosis. Therefore, these data
demonstrate that fluoride exposure induces both gene and protein expression of autophagy-
related genes necessary for an autophagic stress response.

3.6. SIRT1 activation by RES promotes autophagy and attenuates fluoride-mediated
apoptosis

Previously we showed that fluoride induces caspase-mediated apoptosis in LS8 cells [27].
So, we asked if RES could ameliorate apoptosis caused by fluoride exposure. LS8 cells were
treated with 1.0 mM or 5.0 mM fluoride for 24 h in the absence or presence of 1, 10 or 100
µM RES. With the 5 mM but not 1.0 mM fluoride treatment, RES increased the levels of the
active ATG protein LC3 ІІ over that of the levels observed by use of fluoride alone (Fig.
6A). This indicates that at the higher dose fluoride treatment, RES enhanced the fluoride-
mediated autophagic response. LS8 cells were next treated with 5.0 mM fluoride for 6 h
with or without RES to determine if RES inhibited fluoride-mediated apoptosis. Western
blots revealed that RES attenuated fluoride-mediated caspase-3 cleavage/activation and
PARP cleavage/activation (Fig. 6B), indicating that augmentation of SIRT1 activity and
autophagy by RES helped rescue LS8 cells from the toxic effects of 5.0 mM fluoride. This
was consistent with results presented in Figure 5 that suggest high dose fluoride elicits a
different stress response pathway (apoptosis) than does lower dose fluoride.

3.7. Rats treated with fluoride have increased levels of SIRT1 in their maturation stage
enamel organs and ameloblasts

We showed in vitro in LS8 cells that fluoride induces Sirt1 expression (Fig. 1) and
phosphorylation (Fig. 2). Next we asked if fluoride induces Sirt1 expression and
phosphorylation in vivo. Note that rats given 50 ppm F− in drinking water have serum
fluoride levels similar to humans ingesting 2–5 ppm fluoride [77]. Rodents are more
efficient at clearing fluoride from their bodies as compared to humans [78]. Also,
development of the rodent incisor takes approximately 35 days to complete whereas in
humans, depending on the tooth type, it takes from three to more than ten years to complete
[77]. Thus, human ameloblasts have a much longer exposure to fluoride present in drinking
water than do rodent ameloblasts and this is likely a factor in the large difference in fluoride
sensitivity between humans and rodents.

Sprague-Dawley rats (6-week-old) were provided 50, 100 or 125 ppm fluoride as NaF in
drinking water. Rodent incisors erupt continuously so every stage of enamel development
persists along the adult rodent incisor. After 6 weeks of fluoride treatment incisors were
collected for extraction of enamel organ RNA or were processed for SIRT1
immunohistochemistry. Sirt1 expression was quantified by qPCR in secretory or maturation
stage enamel organ. Sirt1 expression increased significantly (p < 0.05) in the fluoride-treated
maturation stage, but not the secretory stage enamel organ (Fig 7A). The difference in Sirt1
expression between the secretory and maturation stage enamel organs in rats treated with
100 ppm fluoride was highly significant (p < 0.01). SIRT1 phosphorylation was assessed by
immunohistochemical analysis of rat incisor paraffin sections. A small increase in SIRT1
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phosphorylation was observed in ameloblasts of the secretory stage enamel organs from the
100 ppm and 125 ppm fluoride treatment groups. However, a much larger increase in SIRT1
phosphorylation was noted in ameloblasts and papillary layer of the maturation stage enamel
organ from these two treatment groups (Fig. 7B). Therefore, fluoride treatment induced Sirt1
expression and phosphorylation in rat maturation stage, but not secretory stage enamel
organ.

3.8. Rats treated with fluoride have increased levels of autophagy in their maturation stage
enamel organs and ameloblasts

Next we asked if autophagy gene expression is induced in the enamel organs of fluoride-
treated rats. Rat incisor enamel organs at the secretory or maturation stage of development
were extracted for RNA and qPCR was performed to determine if treatment with 50 or 100
ppm fluoride induced the expression of Atg5, Atg7 and Atg8/LC3. Each of these genes were
significantly induced (p < 0.05) in the fluoride-treated maturation stage rat enamel organ and
the expression of each of these genes was greater in rats treated with 100 ppm fluoride as
compared to those treated with 50 ppm fluoride (Fig. 8A). Among treatment groups, no
significant differences in gene expression were observed for the secretory stage enamel
organ. We performed immunohistochemistry on paraffin-embedded rat incisor sections to
identify cells of the enamel organ with increased protein levels of ATG5 and ATG8/LC3. In
the 100 ppm fluoride treatment groups the maturation stage ameloblasts stained strongly for
ATG5 and ATG8/LC3 while the secretory stage ameloblasts did not show staining with
fluoride treatment (Fig. 8B). This result was consistent with the qPCR results. Therefore,
fluoride induces Sirt1 expression, SIRT1 phosphorylation and autophagy both in vitro and in
vivo.

4. Discussion
Here we show in vitro that fluoride induces Sirt1 gene expression in dose dependent manner,
induces SIRT1 phosphorylation, and induces SIRT deacetylase activity. We demonstrate
that RES activates SIRT1 and ameliorates the anti-proliferative effects observed in fluoride
treated LS8 cells. We also found that fluoride induces autophagy in LS8 cells and that
SIRT1 activation by RES promotes autophagy and attenuates fluoride-mediated apoptosis.
In vivo, we demonstrated that rats treated with fluoride have increased levels of Sirt1 gene
expression in their maturation stage enamel organs and have increased p-SIRT protein levels
in their ameloblasts. These rats also had increased levels of autophagy related gene
expression and autophagy related protein levels in their maturation stage enamel organs and
ameloblasts after fluoride ingestion. Previously, fluoride was shown to induce autophagy in
the rat exocrine pancreas [24], but the participation of Atg genes was not examined and this
is the first report implicating SIRT1 in a protective response to fluoride toxicity. Although a
relationship among ER-stress, SIRT1 and autophagy was reported in various tissues and
organs [60], the relationship between these three responses in enamel development have not
been previously demonstrated. Also, the SIRT1/autophagy pathway was not previously
shown to play a protective role against fluoride-mediated cell stress. So, we show several
novel findings that help illuminate the molecular pathways that are activated as a result of
fluoride-mediated toxicity.

Previously we reported that fluoride initiates an ER-stress response in ameloblasts and that
the ER-stress response inhibited protein synthesis and secretion during enamel formation.
We therefore implicated ER-stress as a possible cause of dental fluorosis [25, 27]. Since ER-
stress can induce the expression of SIRT1 and autophagy [60], this is what may occur upon
exposure to fluoride in the ameloblasts and surrounding enamel organ to alleviate the ER-
stress response.
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Interestingly, the fluoride-mediated SIRT1/autophagy induction was observed in the
maturation stage but not in the secretory stage of enamel development suggesting that only
the maturation stage enamel organ, and its ameloblasts, were undergoing a stress response.
Previously, we showed in both mice and rats [21, 25] that fluoride exposure caused the
transient attenuation of protein translation via phosphorylation of the translation initiation
factor, eukaryotic initiation factor-2, subunit alpha (eIF2α). This fluoride-mediated stress
response also occurred during the maturation stage, but not during the secretory stage of
enamel development. The stage specific fluoride-mediated SIRT1/autophagy and ER-stress
results are consistent with our proposed hypothesis that fluoride is converted at a greater rate
to highly toxic HF in the acidic environment of the maturation stage. We proposed that HF
flows down a steep pH concentration gradient from the enamel matrix into the ameloblast
cytosol. The neutral pH inside the ameloblast reverts HF to fluoride which maintains the
concentration gradient and the accumulation of fluoride within the ameloblasts elicits an
ER-stress response [21]. Therefore, the fluoride-mediated stage-specific SIRT1/autophagy
results are consistent with our previously published results demonstrating that the acid
generated by massive hydroxyapatite precipitation makes the ameloblasts of the maturation
stage enamel organ more susceptible to fluoride toxicity.

JNK1 is activated by reactive oxygen species (ROS) [79] and by a response to ER-stress
termed the unfolded protein response (UPR) [80–82]. Previously we demonstrated that
fluoride induces the phosphorylation of JNK1 and c-jun [21] and others have demonstrated
that JNK1 phosphorylates SIRT1 at three residues (Ser27, Ser47 and Thr530) which promotes
SIRT1 enzymatic activity during oxidative stress [37]. Fluoride was also shown to induce
oxidative stress [83, 84] and phosphorylate JNK1 [21, 85]. These results suggest that JNK1
may play a role in alleviating fluoride-induced cell stress by phosphorylating SIRT1 so that
it becomes a highly active deacetylase.

To identify SIRT1 as playing a protective role in fluoride toxicity, we treated LS8 cells with
NaF in the presence or absence of RES. The polyphenol RES artificially activates SIRT1
[61] via a direct “assisted allosteric” mechanism [86] and in our system RES did induce the
phosphorylation of SIRT1 (Figs. 2B and 4A). In the presence of fluoride, RES enhanced
LS8 cell proliferation and reduced the activation of apoptosis mediators (Figs. 4B, C and
6B). These results show that SIRT1 plays a protective role to mitigate the toxic effects of
fluoride exposure. The therapeutic value of SIRT1 activation by RES was reported for
several diseases [67–72] suggesting that RES may also be useful for prevention of dental
fluorosis. However, how RES activates SIRT1 is still controversial because RES has
multiple cellular targets in addition to SIRT1, such as AMP-activated protein kinase
(AMPK) [87]. AMPK is well-described inhibitor of mammalian-homolog-target-of-
rapamycin (mTOR) [88] and it can therefore induce autophagy via this pathway. Moreover,
recent studies suggest that RES does not directly interact with SIRT1 [89–92] suggesting the
possibility of participation of other molecular pathways. In addition, numerous studies have
utilized a wide range of RES concentrations in various disease models and have
demonstrated the effects of RES are not always protective. For example, one study found
that RES adversely affected mouse hippocampal neurogenesis and cognitive function by a
mechanism involving activation of AMPK and suppression of CREB and brain-derived
neurotrophic factor signaling [93]. Therefore, although our data suggest that augmentation
of SIRT1/autophagy by RES may ameliorate dental fluorosis, further elucidation of RES
molecular mechanisms are required to address potential toxic effects of high-dose RES
ingestion.

In conclusion, we show that SIRT1 and autophagy were induced in ameloblasts responsible
for enamel formation as adaptive responses against cellular stresses, including ER-stress and
oxidative stress, caused by fluoride. Augmentation of SIRT1/autophagy by RES protected
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LS8 cells from fluoride-induced cytotoxicity and inhibited the activation of apoptosis
mediators in vitro. Our results provide significant insight into new molecular mechanisms
activated to alleviate fluoride toxicity in ameloblasts. This knowledge may someday enable
development of new dental fluorosis therapies by use of chemical compounds that activate
SIRT1.
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JNK1 c-Jun N-terminal kinase-1
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HIGHLIGHTS

• Fluoride exposure activates SIRT1 and autophagy

• SIRT1 and autophagy protect cells from fluoride-induced cytotoxcity

• Chemical induction of SIRT1 enhances cytotoxicity protection from fluoride
exposure

• Fluoride induces SIRT1 in vivo in cells responsible for enamel formation

• SIRT1 and autophagy may play protective roles in dental fluorosis.
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Fig.1.
Fluoride induces expression of Sirt1 transcripts in a dose-dependent manner. Murine LS8
cells were treated with 0.0, 0.5, 1.0 or 3.0 mM NaF for 4 h and expression of Sirt1 mRNA
was evaluated by qPCR. Eef1a1 was the reference control gene. (A) Data are expressed as
mean ± SD (n = 6). (B) Regression analysis revealed a highly significant positive correlation
between fluoride dose and Sirt1 expression (p < 0.0001).
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Fig. 2.
Fluoride induces Phosphorylation of SIRT1. (A) LS8 cells were treated with 5.0 mM NaF
for the indicated time span and phosphorylation of SIRT1 (p-SIRT1) was analyzed by
western blot by use of antibodies for p-SIRT1, total SIRT1 (t-SIRT1) and β-actin which
served as the loading control. The ratio of p-SIRT1/t-SIRT1 was analyzed by densitometry.
(B) LS8 cells were treated with 3.0 mM NaF for 2 h or 100 µM resveratrol (RES) for 2 h and
were stained with anti-p-SIRT1 antibody. Representative confocal microphotographs are
shown. Note that both fluoride and RES induced the phosphorylation of SIRT1.
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Fig. 3.
Fluoride enhances SIRT1–7 (NAD+)-dependent deacetylase activity. LS8 cells were treated
with 0.0, 0.5, 1.0, 3.0 or 5.0 mM NaF for 6 h. Sirtuin deacetylase activity was quantified by
use of a fluorometric assay.. Data show relative (NAD+)-dependent deacetylase activity
from three independent experiments performed in triplicate. A regression analysis revealed
that the dose dependent fluoride-mediated increase in deacetylase activity was highly
significant (p < 0.0001).
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Fig. 4.
RES induces SIRT1 phosphorylation and ameliorates LS8 cell proliferation in the presence
of fluoride. (A) LS8 cells were treated with 100 µM RES for 0, 2, 3, or 5 h and SIRT1
phosphorylation was evaluated by western blot analysis. (B) LS8 cells were treated with 5.0
mM NaF for 24 h and then harvested and counted in the presence of a viability stain.
Fluoride significantly reduced LS8 cell number (p < 0.01), but no difference in cell viability
was observed. (C, left) LS8 cells were seeded into 96-well plates and treated for 24 h with
the indicated concentrations of NaF with (■) or without (○) 10 µM RES. Cell proliferation
percentage was measured by results of the MTT assay (treated A550/untreated A550× 100).
(C, middle and right) LS8 cells were seeded into 96-well plates and treated for 24 h with 5.0
mM NaF in the presence of RES (0, 1, 10, 50 and 100 µM), with or without 50 µM inauhzin
(INZ). Cell proliferation percentage was measured by MTT assay or by cell number. Four
wells were assayed for each experimental treatment, and three separate experiments were
performed. Data are expressed as mean ± SD (*p < 0.05; **p < 0.01).
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Fig.5.
Fluoride increases mRNA and protein levels of autophagy related genes (Atg). (A) LS8 cells
were treated with 3.0 mM NaF for 4 h and RNA was extracted for quantification of Atg5,
Atg7 and Atg8/LC3 gene expression by real-time PCR (qPCR). Expression was evaluated by
the ΔΔCT method and Eef1a1 served as reference control gene. Data are expressed as mean
± SD. (*p < 0.05; **p < 0.01). (B) LS8 cells were treated with the indicated doses of NaF
for 24 h and analyzed by western blot stained with antibodies against ATG5 (55 kDa),
ATG7 (78 kDa), LC3; LC3-I (16 kDa), LC3-II (14 kDa) and β-actin (44 kDa). β-actin was
used as the loading control.
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Fig. 6.
RES promoted autophagy and attenuated fluoride-induced activation of apoptosis mediators.
Effects of RES on autophagy (A) and apoptosis (B) in LS8 cells treated with NaF were
analyzed by western blot. (A) LS8 cells were treated with 1.0 mM or 5.0 mM NaF with or
without the indicated dose of RES for 24 h. Fluoride treatment mediated the conversion of
the inactive LC3-I (16 kDa) to the active LC3-II (14 kDa) autophagy-related protein. (B)
LS8 cells were treated with 5 mM NaF with or without 100 µM RES for 6 h and were
immunoblotted by use of anti-caspase-3, PARP and β-actin antibodies. Arrows identify
active caspase-3 (17 kDa) and PARP (89 kDa) cleavage forms. β-actin (44 kDa) was used as
the loading control. Note that RES attenuated fluoride-mediated PARP and caspase-3
activation.
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Fig. 7.
Fluoride-mediated Sirt1 expression occurred in the rat enamel organ at the maturation stage,
but not the secretory stage of enamel development. (A) Rats were supplied ad libitum with
0, 50 or 100 ppm fluoride in their drinking water for 6 weeks. Incisor enamel organs were
separated by developmental stage and qPCR was performed on tissue from the secretory or
maturation stages. Sirt1 expression was quantified by the ΔΔCT method. cDNA from four
different rats in each group were assayed in duplicate. Data are expressed as mean ± SD. (*p
< 0.05, **p < 0.01). (B) Immunohistochemistry was performed on rat incisor sections
treated with 0, 100, or 125 ppm fluoride in drinking water for 6 weeks. Sections were
stained with anti-phosphorylated SIRT1 antibody. Scale bar represents 10 µm. Brackets
denote ameloblasts.
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Fig. 8.
Fluoride-mediated Atg expression was prevalent in rat maturation stage enamel organ, but
not in the secretory stage enamel organ. (A) qPCR was performed on secretory or
maturation stage enamel organs from rats treated with 0, 50 or 100 ppm fluoride in drinking
water for 6 weeks. Expression of Atg5, Atg7 and Atg8/LC3 from secretory stage enamel
organs (SEC; left panel) and from maturation stage enamel organs (MAT; right panel) were
quantified by the ΔΔCT method. Data represent four animal samples from each group
performed in duplicate. A regression analysis was performed and the results demonstrated
that fluoride dose dependently induced the expression of each Atg gene in the maturation
stage (p < 0.05), but not the secretory stage of enamel development. (B) Rats were treated
with 0 or 100 ppm fluoride in their drinking water for 6 weeks. Immunohistochemistry was
performed on incisor sections at the secretory (SEC; upper panel) or maturation (MAT;
lower panel) stages of enamel development. Both ATG5 and ATG8/LC3 were more highly
expressed in the ameloblasts from the maturation stage as compared to ameloblasts from the
secretory stage of enamel development. Scale bar represents 10 µm. Brackets denote
ameloblasts.
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