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Abstract

Fluoride is an effective caries prophylactic, but at high doses can also be an environmental health 

hazard. Acute or chronic exposure to high fluoride doses can result in dental enamel and skeletal 

and soft tissue fluorosis. Dental fluorosis is manifested as mottled, discolored, porous enamel that 

is susceptible to dental caries. Fluoride induces cell stress, including endoplasmic reticulum stress 

and oxidative stress, which leads to impairment of ameloblasts responsible for dental enamel 

formation. Recently we reported that fluoride activates SIRT1 and autophagy as an adaptive 

response to protect cells from stress. However, it still remains unclear how SIRT1/autophagy is 

regulated in dental fluorosis. In this study, we demonstrate that fluoride exposure generates 

reactive oxygen species (ROS) and the resulting oxidative damage is counteracted by SIRT1/

autophagy induction through c-Jun N-terminal kinase (JNK) signaling in ameloblasts. In the 

mouse-ameloblast-derived cell line LS8, fluoride induced ROS, mitochondrial damage including 

cytochrome-c release, up-regulation of UCP2, attenuation of ATP synthesis, and H2AX 

phosphorylation (γH2AX), which is a marker of DNA damage. We evaluated the effects of the 

ROS inhibitor N-acetylcysteine (NAC) and the JNK inhibitor SP600125 on fluoride-induced 

SIRT1/autophagy activation. NAC decreased fluoride-induced ROS generation and attenuated 

JNK and c-Jun phosphorylation. NAC decreased SIRT1 phosphorylation and formation of the 

autophagy marker LC3II, which resulted in an increase in the apoptosis mediators γH2AX and 

cleaved/activated caspase-3. SP600125 attenuated fluoride-induced SIRT1 phosphorylation, 

indicating that fluoride activates SIRT1/autophagy via the ROS-mediated JNK pathway. In 

enamel organs from rats or mice treated with 50, 100, or 125 ppm fluoride for 6 weeks, 

cytochrome-c release and the DNA damage markers 8-oxoguanine, p-ATM, and γH2AX were 

increased compared to those in controls (0 ppm fluoride). These results suggest that fluoride-

induced ROS generation causes mitochondrial damage and DNA damage, which may lead to 

impairment of ameloblast function. To counteract this impairment, SIRT1/autophagy is induced 

via JNK signaling to protect cells/ameloblasts from fluoride-induced oxidative damage that may 

cause dental fluorosis.
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1. Introduction

Fluoride is a naturally occurring mineral that protects against tooth decay. The Centers for 

Disease Control and Prevention (CDC) recommends public water fluoridation at an optimal 

fluoride concentration of 0.7 ppm in order to prevent dental caries [1]. However, acute or 

chronic fluoride overexposure can result in enamel [2] and skeletal fluorosis [3], renal 

toxicity [4], epithelial lung cell toxicity [5], and reproductive toxicity [6, 7]. Dental fluorosis 

is a developmental disorder caused by fluoride exposure during enamel formation, which 

manifests as mottled, discolored, and porous enamel [8]. Over the last decade, concerns have 

arisen about the prevalence of fluorosis around the world, including the United States, India, 

and China [9]. Recent reports indicate that in the United States the prevalence of mild to 

severe dental fluorosis among children aged 6–11 is 33.4% and in adolescents aged 12–15 it 

is 40.6% [10].

Ameloblasts are enamel organ cells that are responsible for enamel formation. Ameloblasts 

occur as single layers of cells located directly adjacent to the forming enamel. Enamel 

development occurs in stages as defined by the morphology of the ameloblasts [11]. During 

the secretory stage, tall columnar ameloblasts secrete proteins into the enamel matrix. 

During the maturation stage, as the enamel begins to harden into its final form, the 

ameloblasts shorten and reabsorb the secreted proteins. Most of the mineral precipitates in 

the maturation stage, which generates abundant hydrogen ions, causing ameloblasts to be 

exposed to an acid environment (pH < 6.0) [12]. 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 the maturation stage makes 

ameloblasts more susceptible to the toxic effects of fluoride exposure [13]. Specifically, 

fluoride decreases mRNA expression of the maturation-stage-specific genes (Klk4 and 

Amtn) in vivo. However, since the secretory stage remains at neutral pH, fluoride had little 

to no effect on mRNA expression levels of secretory-stage-specific genes (Ambn, Amel, 

Enam, and Mmp20).

Fluoride exerts diverse cellular effects in a dose-, cell-type-, and tissue-dependent manner. 

We and others have shown in several tissues, including the enamel organ, that high-dose 

fluoride causes cell stress, such as endoplasmic reticulum (ER) stress [14–16] and oxidative 

stress [7,17]. Fluoride exposure increases the generation of superoxide (O2
−) and other 

reactive oxygen species (ROS) that are associated with fluoride toxicity [18,19]. Low and 

intermediate levels of ROS are physiologically important as cell signaling molecules, 

whereas high ROS concentrations that preclude cell clearance cause oxidative stress, 

mitochondrial dysfunction, and cellular and DNA damage that can result in cell death. ROS 

induces uncoupling protein 2 (Ucp2), which is an antioxidant and belongs to the 

mitochondrial anion transporter superfamily located in the inner mitochondrial membrane. 

UCP2 negatively regulates mitochondrial membrane potential and ATP synthesis to 
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decrease mitochondrial superoxide production when cells experience oxidative stress [20]. 

ROS can cause DNA double strand breaks (DSB) and phosphorylation of histone H2AX 

(γH2AX), which is a DNA damage biomarker that accumulates within seconds following 

induction of a DSB. This phosphorylated histone can extend over tens of kilobases of DNA 

flanking the break site and plays a role in the amplification of the DNA damage response 

signaling cascade [21,22]. H2AX is phosphorylated by c-Jun N-terminal kinase (JNK) 

signaling and its phosphorylation is required for caspase-induced DNA fragmentation [23]. 

Previously we demonstrated that fluoride increases Ucp2 expression in rat enamel organ 

(EO) [17] and induces DNA fragmentation in LS8 cells [15]. However, the mechanism 

underlying oxidative damage, including mitochondrial dysfunction and DNA damage 

caused by fluoride exposure in dental fluorosis, remains unknown.

Recently we reported that fluoride activates SIRT1 and autophagy as an adaptive response to 

protect cells from cell stress [24]. Sirtuins (SIRT1–SIRT7) are a family of highly conserved 

NAD+-dependent class III histone deacetylases (class III HDACs). SIRT1 is the mammalian 

homolog of yeast silent information regulator-2 (Sir2), which is the most widely studied of 

the sirtuins [25–27]. SIRT1 expression increases under various physiological conditions, 

including nutrient starvation, aging, and cell stress such as oxidative stress [28–30]. During 

cell stress, SIRT1 is regulated by various factors [31]. For example, transcription factors 

including peroxisome-proliferator-activated receptors (PPARs) [32,33] and cAMP response 

element binding (CREB) [34] enhance SIRT1 expression. Activation of c-Jun N-terminal 

kinase (JNK) by ROS results in SIRT1 phosphorylation [35], and subsequently SIRT1 

deacetylates histone and nonhistone proteins [30,36]. In addition to JNK signaling, ROS 

activates AMP-activated protein kinase (AMPK) to enhance SIRT1 activity by increasing 

cellular NAD+ levels [37]. SIRT1 regulates several biological events including autophagy, 

cell metabolism, longevity, apoptosis, and DNA repair (reviewed in [31]). However, the 

mechanism of SIRT1/autophagy regulation in dental fluorosis is unclear.

Understanding how fluoride-induced oxidative stress contributes to the pathogenesis of 

dental fluorosis and how fluoride-induced oxidative stress plays a critical role in SIRT1/

autophagy will allow us to better understand the pathophysiology of dental fluorosis. 

Therefore, the aim of the present study is to evaluate fluoride-induced oxidative damage in 

ameloblasts and determine the role of ROS in fluoride-induced cytotoxicity and the adaptive 

response (induction of SIRT1 and autophagy) in dental fluorosis. In the present study, we 

demonstrate that fluoride-induced ROS generation leads to mitochondrial dysfunction and 

DNA damage in ameloblasts. On the other hand, ROS generation was required for fluoride-

induced JNK signaling to activate SIRT1 and autophagy as an adaptive response. These 

results suggest that fluoride-induced oxidative damage can lead to impairment of ameloblast 

function, while simultaneously playing a pivotal role in the induction of the adaptive 

response to mitigate cytotoxicity in dental fluorosis.

2. Materials and methods

2.1. Animals

The rodent model is a valuable tool for studying enamel formation in mammals. Since 

rodent incisors erupt continuously, every stage of enamel development is present along the 
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length of the rodent incisor. The incisors are categorized as mandibular or maxillary and 

their respective enamel organs may be segregated into the secretory stage and the maturation 

stage of enamel development. Sprague–Dawley rats (6-week-old) and C57BL/6 mice (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 (NaF) ad 

libitum. After 6 weeks, animals were euthanized and incisors were extracted for 

immunohistochemical procedures or real-time PCR 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).

2.2. Cell culture

The mouse-ameloblast-derived cell line (LS8) [38] 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). Cells were treated with sodium 

fluoride (NaF) with/without N-acetylcysteine (NAC) or SP600125 as indicated. NaF and 

NAC were obtained from Fisher Scientific (Pittsburgh, PA). The JNK inhibitor SP600125 

was purchased from Calbiochem (Billerica, MA). GKT137831 (NOX1/NOX4 inhibitor, 

Selleckchem Houston, TX) and 5Z-7-oxozealenol (TAK1 inhibitor, Tocris Bioscience, 

Bristol, UK) were used at the indicated concentrations.

2.3. Reactive oxygen species measurements

Intracellular ROS production was measured with a cell-per-meant indicator for ROS, 

chloromethyl (CM)-H2DCFDA (2′,7′-dichlorodihydro fluorescein diacetate) (#C6827; 

Invitrogen, Carlsbad, CA). Briefly, 5 × 104 LS8 cells were cultured in 96-well plates 

overnight. The cells were then treated with NaF at the indicated concentrations, or left 

untreated, for 3 h. Cells were washed with sterile PBS and 100 µl serum-free culture media 

was added, which contained 5 µM CM-H2DCFDA. Cells were incubated at 37 °C for 30 

min followed by washing and addition of 100 µl PBS per well. ROS concentrations were 

determined by fluorescence measurements (485/520 nm).

2.4. Western blot analysis

Depending on the experiment, LS8 cells were treated with 0–5 mM NaF. Total proteins 

were extracted with Lysis buffer (25 mM Tris · HCl pH7.4, 150 mM NaCl, 1% NP-40, 1 

mM EDTA, 5% glycerol) containing protease inhibitor cocktail (Thermo Scientific, 

Rockford, IL). Nuclear proteins were isolated using a nuclear extract kit (Active Motif, 

Carlsbad, CA). Mitochondrial fractions and cytosolic fractions were isolated using a 

mitochondria isolation kit for cultured cells (Thermo Scientific). Equal amounts of protein 

per lane (5–20 µg) were loaded onto Mini-Protean TGX gels (Biorad, Hercules, CA), 

transferred to Trans-Blot Turbo Transfer nitrocellulose membranes (Biorad), and probed 

with primary antibodies. Primary antibodies included rabbit anti-cytochrome-c, rabbit anti-

VDAC1/Porin, rabbit anti-UCP2, (Abcam, Inc., Cambridge, MA), rabbit anti-p-SIRT1 
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[Ser47] (Bioss, Inc., Woburn, MA), rabbit anti-γH2AX [Ser139], rabbit anti-SIRT1, rabbit 

anti-LC3, rabbit anti-p-JNK [Thr183/Tyr185], rabbit anti-JNK, rabbit anti-p-c-Jun [Ser63], 

rabbit anti-c-Jun, rabbit anti-α-tubulin, and rabbit anti-histone H3 (Cell Signaling 

Technology, Danvers, MA). The secondary antibody was HRP-conjugated goat anti-rabbit 

IgG (Biorad). Enhanced chemiluminescence was performed with SuperSignal West Pico 

(Thermo Scientific), and bands were quantified by densitometry using Quantity One 

software (Biorad). Each western blot was performed a total of three to four times.

2.5. Intracellular ATP measurements

ATP levels in LS8 cells were measured using an ATP assay kit (Abcam), which utilizes the 

phosphorylation of glycerol to generate a product that is quantified by colorimetric means 

(570 nm). LS8 cells were treated with 0, 5, or 10 mM NaF for 6 h and ATP was measured 

according to the manufacturer's instructions. OD at 570 nm was measured in a microplate 

reader and ATP concentrations were calculated by use of a standard curve.

2.6. Immunohistochemistry/immunofluorescence

Immunohistochemistry was performed as described previously [15]. Briefly, rat or mouse 

incisors were extracted after 6 weeks fluoride treatment and fixed in paraformaldehyde, 

demineralized with EDTA for 2 weeks, and embedded in paraffin. Sections were incubated 

with primary antibodies: rabbit anti-cytochrome-c, mouse anti-8-oxoguanine, rabbit anti-p-

JNK [phospho T183/Y185] (Abcam), rabbit anti-γH2AX, and rabbit anti-p-ATM (Sigma-

Aldrich Co., St. Louis, MO), followed by incubation with a peroxidase-conjugated 

secondary 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.

For immunofluorescence staining, paraffin sections were quenched of endogenous 

autofluorescence with 2% NaBH4 in PBS. Nonspecific antibody binding was blocked by 

incubating with PBS containing 1.5% goat serum. The slides were then sequentially 

incubated, starting with primary antibodies diluted in PBS containing 1% BSA incubated 

overnight at 4 °C, followed by addition of fluorescent-labeled secondary antibodies for 1 h 

at room temperature. The primary antibodies were rabbit anti-cytochrome-c, mouse anti-8-

oxoguanine, AlexaFluor 647-conjugated rabbit anti-histone H2AX [phospho S139], rabbit 

anti-p-JNK [phospho T183/Y185] (Abcam), rabbit anti-p-c-Jun [phospho S63] (Cell 

signaling), and rabbit anti-p-ATM (Sigma-Aldrich). The fluorescent-labeled secondary 

antibodies were AlexaFluor 647-conjugated goat anti-rabbit IgG (Cell Signaling), 

AlexaFluor 594-conjugated goat anti-mouse IgG (Thermo Scientific), and AlexaFluor 594-

conjugated goat anti-mouse IgM (Thermo Scientific). For nuclear counterstaining, we used 

4’,6-diamidino-2-phenylindole (DAPI, Life Technologies). Specimens were mounted with 

Prolong Gold Anti-fade reagent (Life Technologies). Fluorescence-labeled specimens were 

observed with a Zeiss 780 laser scanning confocal microscope (Carl Zeiss Microscopy 

GmbH. Jena, Germany).
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2.7. Real-time quantitative PCR (qPCR) analysis

Total RNA was extracted from maturation stage rat mandibular incisor enamel organs using 

Direct-zol RNA MiniPrep (Zymo Research Corp., Irvine, CA). Total RNA was reverse-

transcribed into cDNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche 

Diagnostics, Minneapolis, MN). The cDNA was subjected to qPCR amplification on a 

LightCycler 480 Real-Time PCR System (Roche Diagnostics). The relative expression of 

target genes was determined by the 2−ΔΔCT method [39]. cDNA from six different rat 

incisors in each treatment group was assayed in duplicate. The internal reference control 

gene was B2m because of its consistent expression level regardless of fluoride treatment. 

Primers (Invitrogen) and their sequences were Ogg1, forward: 5’-

TTGGACCTCGACTCGTTCAG-3’, reverse: 5’-GCACTGGCACATACATAGCG-3’; 

B2m, forward: 5’-CGTCGTGCTTGCCATTCAGAA-3’, reverse: 5’-

GAAGTTGGGCTTCCCATTCTCC-3’.

2.8. Statistical analysis

Western blot and ATP quantification results were analyzed by one-way analysis of variance 

with Fisher's protected least significant difference post hoc test. Quantification of ROS 

generation, UCP2, and γH2AX (Western blots) and Ogg1 (qPCR) were assessed by simple 

regression analyses. Values of P < 0.05 were considered statistically significant.

3. Results

3.1. Fluoride-induced reactive oxygen species generation and inhibition

LS8 cells were treated with 0–10 mM NaF for 3 h and ROS production was measured by the 

cell-permeant oxidative stress indicator (CM)-H2DCFDA. Intracellular ROS was 

significantly induced (P < 0.001) by fluoride treatment in a dose-dependent manner (Fig. 

1A). In contrast, treatment of LS8 cells with 5 or 10 mM NaCl did not significantly induce 

ROS levels (Fig. 1S). To identify upstream mediators of ROS induction, we asked if 

NADPH oxidases (NOX), which catalyze the reduction of molecular oxygen to form the 

superoxide radical anion (•O2
−) and hydrogen peroxide (H2O2), were involved in the 

fluoride-mediated increase in ROS levels. For these experiments LS8 cells were pretreated 

for 1 h with 0–500 µM of the NOX inhibitor GTK137831 followed by 3 h treatment with 5 

mM NaF. NOX inhibition significantly decreased ROS levels generated by fluoride 

treatment (Fig. 1B), indicating that NOX is at least partially responsible for fluoride-

mediated ROS induction.

3.2. Fluoride induces cytochrome-c release and UCP2 expression and reduces ATP levels

Since ROS causes mitochondrial damage, we analyzed the effect of fluoride on 

mitochondrial function in LS8 cells. Fluoride treatment (5 mM) for 6 h increased 

cytochrome-c release into the cytosol as confirmed by the decreasing amount of 

cytochrome-c within mitochondria (Fig. 2A). UCP2 is an antioxidant located in the inner 

mitochondrial membrane. ROS increases UCP2, which negatively regulates mitochondrial 

membrane potential and ATP synthesis during oxidative stress [20]. Recently, we reported 

that fluoride increases UCP2 expression in rat enamel organ [17]. Here, we confirm the 
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effects of fluoride on UCP2 expression and ATP synthesis in vitro. LS8 cells were treated 

with NaF for 6 h at the indicated fluoride concentrations and UCP2 expression was 

quantified by western blots. Fluoride treatment significantly increased UCP2 expression 

(Fig. 2B) and decreased intracellular ATP levels (Fig. 2C). These results suggest that the 

fluoride-mediated increase in intracellular ROS induces oxidative stress, which impairs 

mitochondrial function as observed by cytochrome-c release, UCP2 induction, and reduced 

ATP synthesis.

3.3. Fluoride induces SIRT1/autophagy through the ROS-MAPKKK-JNK/c-Jun pathway

Recently we reported that fluoride activates SIRT1/autophagy as an adaptive response [24]. 

Previously we demonstrated that fluoride elicits JNK signaling to phosphorylate JNK and c-

Jun [13]. Since JNK signaling can phosphorylate SIRT1 to promote SIRT1 deacetylase 

activity [35], we asked if JNK signaling is involved in fluoride-induced SIRT1 activation. 

LS8 cells were treated with 10 or 30 µM of the JNK inhibitor SP600125 for 1 h prior to 2 h 

5 mM fluoride treatment. Fluoride-induced JNK and c-Jun phosphorylation were 

significantly decreased by JNK inhibition (Fig. 3A). JNK inhibition also attenuated fluoride-

induced SIRT1 phosphorylation after 6 h fluoride treatment (Fig. 3B). These results indicate 

that fluoride activates SIRT1 in a JNK-dependent manner.

To determine if the JNK inhibitor had any effect on fluoride-induced ROS production, LS8 

cells were pretreated for 1 h with 10 or 30 µM SP600125 followed by 3 h treatment with or 

without 5 mM NaF. JNK inhibition did not significantly affect fluoride-induced ROS levels 

(Fig. 2S), indicating that JNK activation occurs after ROS induction. Similar conditions 

were used to demonstrate that after 6 h of fluoride treatment, JNK inhibition had no effect 

on ROS-mediated mitochondria cytochrome-c release in LS8 cells (Fig. 3S). However, 

when we treated cells with 10 or 100 nM of the TAK1 (MAP3K7) inhibitor oxozeaenol, we 

observed significant decreases in fluoride-mediated activation of JNK and c-Jun (Fig. 4), 

suggesting that the MAPKKK pathway plays a role in activating JNK and c-Jun. Therefore, 

fluoride promotes ROS production through NOX induction, causing mitochondria to 

increase UCP2 expression, which leads to reduced ATP syntheses and release of 

cytochrome-c. ROS also activates the MAPKKK pathway, which activates JNK, which, in 

turn, activates the SIRT1/autophagy adaptive response.

3.4. The antioxidant N-acetylcysteine (NAC) attenuates ROS-mediated JNK activation

Next, we asked if NAC attenuates ROS-mediated JNK activation and the downstream 

fluoride-induced SIRT1/autophagy adaptive response. LS8 cells were treated with 

increasing concentrations NAC for 1 h prior to 10 mM fluoride treatment for 3 h. NAC 

significantly decreased fluoride-induced ROS production in a dose-dependent manner (Fig. 

5A). NAC treatment for 2 h also attenuated fluoride-induced phosphorylation of JNK and c-

Jun (Fig. 5B). After 6 h treatment, this reduction in JNK activation resulted in decreased 

SIRT1 phosphorylation (Fig. 5C) and diminished induction of autophagy, as measured by 

LC3II formation (Fig. 5D). These results confirm that fluoride activates SIRT1/autophagy 

via ROS-mediated JNK signaling.
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3.5. Fluoride treatment induces a DNA damage response in LS8 cells and NAC exacerbates 
this response

In mammalian cells, histone H2AX phosphorylation (γH2AX) is the hallmark of a DNA 

damage response. γH2AX accumulates at DNA damage sites to recruit the DNA repair 

complex. Since ROS exposure can result in DNA damage, we asked if DNA damage occurs 

as a result of fluoride treatment in LS8 cells. Fluoride (0–5 mM) treatment for 6 h did induce 

H2AX phosphorylation (Fig. 6). This result confirms previous results obtained by different 

methodologies showing that fluoride is capable of inducing apoptosis-mediated DNA 

fragmentation in LS8 cells [15].

Next we asked if NAC, which attenuates fluoride-induced SIRT1/autophagy (Fig. 5C, D), 

has any effect on fluoride-mediated DNA damage and apoptosis. LS8 cells were treated with 

or without 5 or 10 mM NAC for 1 h prior to 5 mM fluoride treatment. Western blots 

demonstrated that NAC treatment increased the levels both of γH2AX after 6 h and of 

cleaved caspase-3 after 6 and 18 h (Fig. 7). These unexpected results have been observed by 

others [40–42]. It is possible that the role of ROS in activating SIRT1/autophagy as an 

adaptive response is necessary to protect cells from fluoride-induced apoptosis.

3.6. Fluoride-induced DNA and mitochondrial damage in vivo

To determine if fluoride causes DNA and/or mitochondria damage in vivo, six-week-old rats 

or mice were provided 0, 50, 100, or 125 ppm fluoride as NaF ad libitum in drinking water. 

As a reference, 19 ppm = 1 mM fluoride. After 6 weeks of fluoride treatment, maxillary 

incisors were subjected to immunohistochemical analysis. Shown (Fig. 8) are secretory 

(SEC)- and maturation (MAT)-stage rat or mouse ameloblasts stained with antisera specific 

for cytochrome-c, 8-oxoguanine, p-JNK, p-ATM, or γH2AX. In the fluoride treatment 

groups, maturation-stage ameloblasts stained strongly for cytochrome-c (Fig. 8A) and p-

JNK (Fig. 8C), and the DNA damage markers 8-oxoguanine, p-ATM, and γH2AX also 

stained positively in the maturation-stage fluoride treatment groups (Fig. 8B, D, E). 

Interestingly, the fluoride-treated secretory stage ameloblasts also had strong positive 

staining for 8-oxoguanine. These data suggest that fluoride causes DNA and mitochondrial 

damage that may contribute to the pathology of dental fluorosis.

4. Discussion

Previously we reported that fluoride induces cell stress such as ER stress [15,16] and 

oxidative stress [17] that may play a role in dental fluorosis. Recently we demonstrated that 

fluoride activates SIRT1 and autophagy as adaptive responses to protect cells from fluoride-

induced cytotoxicity [24]. However, the mechanisms underlying fluoride and oxidative 

stress in dental fluorosis remain obscure. Here we demonstrate that fluoride promotes ROS 

production through NOX induction, which causes mitochondria to increase UCP2 

expression, which leads to reduced ATP syntheses and promotes cytochrome-c release. ROS 

also causes DNA damage and can activate the MAPKKK pathway. This activates JNK, 

which, in turn, activates the SIRT1/autophagy adaptive response.
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Fluoride is an essential trace element required for human and animal health. Since low-dose 

fluoride is an effective prophylactic for dental caries, it is used for water fluoridation. 

Fluoride in drinking water at 0.7 ppm reduces dental caries, but fluoride concentrations 

significantly above this level can cause enamel and skeletal fluorosis, renal toxicity, 

diarrhea, epithelial lung cell toxicity, and heart rate disorders [43–45]. Numerous studies 

have revealed a close association between chronic fluoride toxicity and increased ROS 

levels with resulting oxidative stress in such organs as the liver, kidney, brain, and heart 

[46,47]. However, it is not clear how fluoride-induced oxidative stress is involved in the 

pathology of dental fluorosis.

Previously we reported that the oxidative stress response gene Ucp2 was up-regulated at the 

mRNA and protein level by fluoride treatment in rat maturation stage enamel organs [17]. 

UCP2 is located in the mitochondria and it responds to high ROS levels by down-regulating 

mitochondrial ROS production. It does this by attenuating ATP production necessary for 

such activities as glucose metabolism [20,48]. In the present study, we show that fluoride 

induced ROS production through NOX activation (Fig. 1). Fluoride also caused 

mitochondrial damage, as observed by cytochorome-c release, and caused induction of 

UCP2 expression in order to reduce ATP synthesis necessary to diminish overall ROS levels 

(Fig. 2). Rats treated with 100 or 125 ppm fluoride in their drinking water had ameloblasts 

that also released cytochrome-c into their cytoplasm (Fig. 8A). These results suggest that 

fluoride induces mitochondrial dysfunction through the ROS-UCP2 pathway and that this 

may contribute to an inability of ameloblasts to completely remove enamel matrix proteins 

during the maturation stage of enamel formation. This helps explain why fluorosed enamel 

is softer than normal because of a higher than normal protein content [49].

As described above, excess ROS can have detrimental consequences, including 

mitochondrial damage and DNA damage. However, under certain conditions, ROS can 

serve as redox messengers in the regulation of cellular metabolism, promote antioxidant 

defense, and play a role in the posttranslational modification of proteins. ROS-mediated 

JNK signaling was reported to activate SIRT1 [35]. The ROS-JNK pathway also activates 

autophagy to promote cell survival during ER stress [50]. In this study, we evaluated the 

effect of NAC (antioxidant) and SP600125 (JNK inhibitor) on the fluoride-induced 

activation of SIRT1/autophagy. Treatment with SP600125 decreased fluoride-induced p-

SIRT1 formation in LS8 cells (Fig. 3B). NAC treatment attenuated fluoride-induced 

formation of p-JNK, p-c-Jun, p-SIRT1, and LC3II (Fig. 5). These results suggest that 

fluoride activates SIRT1/autophagy through ROS-mediated JNK signaling.

Previous studies revealed that fluoride can cause DNA damage in various tissues such as 

bone marrow, liver, kidney, and spleen, which may occur through fluoride-induced ROS 

production [51,52]. However, the genotoxic effects of fluoride in the enamel organ have not 

been extensively investigated. Moreover, current literature about the genotoxic potential of 

fluoride in various cells and/or tissues is contradictory. Studies have shown that fluoride 

does not induce DNA damage [53–55], whereas other studies have observed fluoride-

induced DNA damage in rat and human cells [52,56,57]. The possible mechanisms of 

fluoride-induced DNA damage are that (1) fluoride directly attacks the free amine groups 

present in DNA or (2) fluoride acts indirectly through free radicals to create DNA adducts at 
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hydrogen bonds [58]. JNK signaling can induce phosphorylation of histone H2AX 

(γH2AX), which recruits the DNA repair complex or signals for caspase-mediated DNA 

fragmentation [23]. We demonstrate that fluoride induces γH2AX formation in LS8 cells 

(Fig. 6). Induction of DNA damage markers, (p-ATM and γH2AX) and an increase in 8-

oxoguanine levels were also observed in fluoride-treated rat or mouse ameloblasts (Fig. 8).

8-Oxoguanine-DNA glycosylase (OGG1) recognizes and excises 8-oxoguanine lesions [59]. 

The response of OGG1 to oxidative stress does not always result in an increase in its activity 

[60,61]. The transcriptional expression of Ogg1 is consistent neither with protein expression 

levels nor with OGG1 activity [62–65]. We found that fluoride treatment did not 

significantly change Ogg1 mRNA levels in rat enamel organ (Fig. 4S). Initially we were 

surprised by the NAC-mediated increase in γH2AX formation and caspase-3 activation (Fig. 

7), because NAC has been shown to protect against drug- and oxidative-stress-induced 

apoptosis [66–68]. But, with further investigation, we found that NAC has also been shown 

to induce apoptosis in various cell types via mitochondrial-dependent and ROS-independent 

means, by ER-stress-response-signaling pathways, and/or by ATP depletion [40–42]. NAC 

appears to function differently depending on the cell type, and LS8 cells were found to be 

susceptible to NAC toxicity. Additionally, NAC treatment attenuated the adaptive SIRT1/

autophagy response (Fig. 4), which may also promote apoptosis. Moreover, the results in 

this study are also consistent with our previous study demonstrating that the antioxidant 

vitamin E did not ameliorate mouse dental fluorosis [17]. These results suggest that fluoride-

induced ROS generation may play both a genotoxic role (8-oxoguanine increase) and a 

protective role as a redox messenger to stimulate an adaptive response involving SIRT1 and 

autophagy. See Fig. 9 for a summary.

In conclusion, fluoride-induced ROS generation causes oxidative damage to mitochondria 

and DNA in LS8 cells and/or ameloblasts. But fluoride activates SIRT1/autophagy via ROS-

mediated JNK signaling to protect cells from fluoride-induced cytotoxicity. Elimination of 

ROS by the antioxidant NAC did not mitigate fluoride-induced toxicity but instead 

increased the DNA damage marker γH2AX and increased the level of cleaved caspase-3 that 

mediates apoptosis. These results suggest that fluoride-induced ROS production may play a 

protective role by activating SIRT1/autophagy. Enhancing ROS-mediated JNK signaling, 

without the associated mitochondria and DNA damage, could offer a novel strategy for 

treatments to prevent dental fluorosis.
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Fig. 1. 
Fluoride treatment induces ROS production. (A) LS8 cells were treated with 0–10 mM 

fluoride for 3 h and intracellular ROS was detected with H2DCFDA. Upon oxidation by 

ROS, the nonfluorescent H2DCFDA is converted to the highly fluorescent 2',7'-

dichlorofluorescein (DCF). Regression analysis revealed a highly significant positive 

correlation between fluoride dose and ROS generation (P < 0.001). (B) LS8 cells were 

treated with 0–500 µM of NOX1/4 inhibitor (GKT137831) for 1 h followed by 5 mM 

fluoride for 3 h. Intracellular ROS was detected by H2DCFDA. Regression analysis revealed 

a highly significant negative correlation between NOX1/4 inhibitor dose and ROS 

generation after fluoride treatment (P < 0.001).
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Fig. 2. 
Fluoride negatively affects mitochondria function. (A) LS8 cells were treated with 0 or 5 

mM fluoride for 6 h and cytochrome-c (12 kDa) levels in the cytosol fraction (Cyto) or in 

the mitochondrial fraction (Mito) were quantified by western blot analysis. Fluoride 

treatment released cytochrome c from the mitochondria into the cytosol. α-Tubulin (52 kDa) 

and VDAC1/porin (31 kDa) were the loading control proteins. The table shows the ratio of 

cytochrome c/α-tubulin (for cytosol) or cytochrome c/VDAC1 (for mitochondria). *P < 0.05 

vs. 0 mM of fluoride. (B) LS8 cells were treated with 0–5 mM fluoride for 6 h and total 

protein was extracted. UCP2 (dimer: 70 kDa) was detected by western blots and levels 

increased with increasing concentrations of fluoride. α-Tubulin served as a loading control 

protein. The table shows the UCP2/α-tubulin ratio. Regression analysis revealed a 

significant positive correlation between fluoride dose and UCP2 expression (P < 0.05). (C) 

LS8 cells were treated with 0, 5, or 10 mM fluoride for 6 h and intracellular ATP was 

measured by a method that utilizes glycerol phosphorylation, which is quantified by 

colorimetery (570 nm). ATP levels decreased with increasing fluoride concentrations. Data 

are expressed as mean ± SD. **p < 0.01 vs. 0 mM of fluoride.
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Fig. 3. 
Fluoride induces SIRT1 phosphorylation (p-SIRT) via JNK signaling. LS8 cells were treated 

with JNK inhibitor SP600125 (10 or 30 µM) for 1 h prior to 5 mM fluoride treatment for 2 h 

or 6 h. (A) Total protein was extracted at 2 h and phospho-(p)-JNK (46, 54 kDa), total-(t)-

JNK (46, 54 kDa), phospho-(p)-c-Jun (48 kDa), and total-(t)-c-Jun (48 kDa) were quantified 

by western blot analysis. Note that SP600125 treatment reduced the overall levels of p-JNK 

and p-c-Jun after exposure to fluoride. (B) Nuclear protein was extracted at 6 h and p-SIRT1 

(82 kDa) and total-(t)-SIRT1 (120 kDa) were quantified by western blots. SP600125 

treatment decreased p-SIRT1 levels after exposure to fluoride. Histone H3 (17 kDa) was the 

loading control protein. The tables show the ratios p-JNK/t-JNK, p-c-Jun/t-c-Jun, and p-

SIRT1/t-SIRT1. *P < 0.05, **p < 0.01 vs. fluoride treatment alone.
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Fig. 4. 
Fluoride activates the MAPKKK pathway. LS8 cells were treated with 10 or 100 nM TAK1 

(MAP3K7) inhibitor, oxoseaenol (Oxoz), for 1 h prior to 5 mM fluoride treatment for 2 h. 

(A) Total protein was extracted at 2 h and p-JNK (46, 54 kDa), t-JNK (46, 54 kDa), p-c-Jun 

(48 kDa), and t-c-Jun (48 kDa) were quantified by western blot procedures. The tables show 

the ratios p-JNK/t-JNK or p-c-Jun/t-c-Jun. *P < 0.05, **p < 0.01 vs. fluoride treatment 

alone. These results show that TAK1 inhibition attenuated fluoride-induced JNK 

phosphorylation.
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Fig. 5. 
Fluoride activates SIRT1/autophagy through ROS-JNK signaling. LS8 cells were treated 

with 0, 5, or 10 mM N-acetylcysteine (NAC) for 1 h followed by 10 mM fluoride for 3 h. 

(A) Intracellular ROS generation was detected by H2DCFDA. Regression analysis revealed 

a highly significant negative correlation between NAC dose and ROS generation after 

fluoride treatment (P < 0.001). (B) Cells were treated with 5 or 10 mM NAC for 1 h 

followed by 5 mM fluoride for 2 h. p-JNK, t-JNK, p-c-Jun, and t-c-Jun were quantified by 

western blots. NAC treatment reduced p-JNK and p-c-Jun levels after fluoride exposure. α-

tubulin (52 kDa) was the loading control protein. (C) Nuclear protein was extracted from 

cells treated with or without NAC (5 mM) pretreatment for 1 h followed by fluoride (5 mM) 

treatment for 6 h. p-SIRT1 and t-SIRT1 was quantified by western blots. At 6 h, NAC 

treatment decreased fluoride-induced p-SIRT1 levels. Histone H3 (17 kDa) was the loading 

control protein. (D) Cells were treated with 5 mM fluoride with or without 5 mM NAC for 

24 h. Total protein was extracted and LC3I (16 kDa) and LC3II (14 kDa) were quantified by 

western blots. In the fluoride-treated samples, NAC reduced the levels of the autophagy 
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mediator LC3II. Tables show the ratios of p-JNK/t-JNK or p-c-Jun/t-c-Jun (B), p-SIRT1/t-

SIRT1 (C), and LC3II/LC3I (D). *P < 0.05, **p < 0.01 vs. fluoride treatment alone.
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Fig. 6. 
Fluoride induces DNA damage. LS8 cells were treated with 0–5 mM fluoride for 6 h. Total 

protein was extracted and the DNA double-strand break marker phosphorylated H2AX 

(γH2AX, 15 kDa) was quantified by western blots. Fluoride treatment at 3 and 5 mM 

increased the level of γH2AX. α-Tubulin was the loading control protein. The table shows 

the γH2AX/α-tubulin ratio. Regression analysis revealed a highly significant positive 

correlation between fluoride dose and γH2AX expression (P < 0.01).

Suzuki et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
NAC treatment increases the levels of fluoride-induced γH2AX and cleaved caspase-3. (A) 

LS8 cells were treated with or without 5 or 10 mM NAC for 1 h prior to 0 or 5 mM fluoride 

treatment for 6 h. Total protein was extracted and γH2AX was quantified by western blot 

analysis. NAC treatment significantly increased the amount of fluoride-induced γH2AX. (B) 

Cleaved-caspase-3 (17 kDa) was also quantified by western blots after treatment with 0, 5, 

or 10 mM NAC and 0 or 5 mM fluoride for 6 or 18 h. NAC treatment increased the levels of 

fluoride-induced cleaved caspace-3 at 6 h, but no significant difference was observed at 18 
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h. α-Tubulin was the loading control protein. Tables show the ratios of γH2AX/α-tubulin 

(A) or Cleaved-caspase-3/α-tubulin (B). *P < 0.05, **p < 0.01 vs. fluoride treatment alone.
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Fig. 8. 
Fluoride-induced mitochondrial and DNA damage in rodent enamel organs. Rodents were 

provided water ad libitum containing 0, 50, 100, or 125 ppm fluoride as sodium fluoride for 

6 weeks. Left panels show immunohistochemical (IHC) staining performed on paraffin 

sections from rat incisors in the secretory (SEC) or maturation (MAT) stage of enamel 

development. Right panels show immunofluorescent staining (IF) performed on paraffin 

sections from rat (A–D) or mouse (E) maturation-stage incisors. (A) Identification of 

cytochrome-c released into the ameloblast cytoplasm. Right panels show maturation-stage 
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enamel organs stained with DAPI to locate cell nuclei (blue), the mitochondria marker 

VDAC1 (red), and cytochrome-c (Cyto-c) stained green. Note that fluoride treatment caused 

release of cytochrome-c during the maturation stage of enamel development. (B) 

Identification of 8-oxoguanine in enamel organs stained with DAPI, VDAC1, or 8-

oxoguanine (8-OXO). 8-Oxoguanine located primarily outside the nucleus in fluoride-

treated secretory and maturation stage incisors. (C–E) Maturation-stage incisors stained with 

DAPI and phospho-(p)-JNK (C), phospho-(p)-ATM (D), or histone γH2AX (E). p-JNK, p-

ATM, and γH2AX staining increased in fluoride-treated maturation stage ameloblasts in a 

dose-dependent manner. Scale bar represents 10 µm. Brackets denote ameloblasts.

Suzuki et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Schematic summary depicting fluoride-induced oxidative damage and adaptive response. 

Fluoride induces ROS generation that elicits JNK/c-Jun signaling. The ROS-mediated 

JNK/c-Jun pathway induces oxidative damage, mitochondrial damage, DNA damage, and 

apoptosis. Conversely, fluoride activates SIRT1/autophagy as an adaptive response through 

the ROS-mediated JNK/c-Jun pathway to protect cells from fluoride-induced oxidative 

damage.
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