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Abstract

Mitochondrial reactive oxygen species (ROS) production has been implicated in the
pathogenesis of fluoride toxicity in liver. Melatonin, an indolamine synthesized in
the pineal gland, was previously shown to protect against sodium fluoride
(NaF)-induced hepatotoxicity. This study investigated the protective effects of
melatonin pretreatment on NaF-induced hepatotoxicity and elucidates the potential
mechanism of melatonin-mediated protection. Reducing mitochondrial ROS by
melatonin substantially attenuated NaF-induced NADPH oxidase 4 (Nox4)
upregulation and cytotoxicity in L-02 cells. Melatonin exerted its hepatoprotective
effects by upregulating Sirtuin 3 (Sirt3) expression level and its activity. Melatonin
increased the activity of manganese superoxide dismutase (SOD2) by promoting
Sirt3-mediated deacetylation and promoted SOD2 expression through
Sirt3-regulated DNA-binding activity of forkhead box O3 (FoxO3a), thus inhibiting
the production of mitochondrial ROS induced by NaF. Notably, increased
peroxisome proliferator-activated receptor gamma coactivator 1o (PGC-1a) by
melatonin activated the Sirt3 expression, which was regulated by an
estrogen-related receptor (ERR) binding element (ERRE) mapped to Sirt3 promoter
region. Analysis of the cell signaling pathway profiling systems and specific

pathway inhibition indicated that melatonin enhances PGC-1a expression by



activating the PI3K/AKT signaling pathway. Importantly, inhibition of melatonin
receptor (MT)-1 blocked the melatonin-activated PI3K/AKT-PGC-1a-Sirt3
signaling. Mechanistic study revealed that the protective effects of melatonin were
associated with down-regulation of JNK1/2 phosphorylation. Our findings provided
a theoretical basis that melatonin mitigated NaF-induced hepatotoxicity, which, in

part, was mediated through the activation of the Sirt3 pathway.
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"Introduction

Fluorosis, a progressive degenerative disorder caused by excessive fluoride intake
either by anthropogenic or by natural sources and most commonly via drinking
water [1]. Endemic fluorosis is now known to be global in scope, occurring in many
parts of the world and affecting millions of people [2]. Fluorosis causes damage not

only to teeth and skeletal tissue but also soft tissues including liver [3-5]. Liver is

! Abbreviations: NaF, Sodium; ROS, Reactive oxygen species; O,  ,superoxide;
GSH, Glutathione; MDA, Malondialdehyde; Bax, Bcl2-associated X protein; Bcl-2,
B-cell CLL/lymphoma 2; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase;
COXI1V, Cytochrome C Oxidase Subunit IV; Nox4, NADPH Oxidase 4; Sirt3,
Sirtuin 3; SOD2, Manganese superoxide dismutase; FoxO3a, Forkhead box O3;
AMPK, Adenosine monophosphate-activated protein kinase; PGC-1a, Peroxisome
proliferator-activated receptor gamma coactivator 1a; NRF1, nuclear respiratory
factor 1; ERRa, Estrogen-related receptor alpha; DLR, Dual luciferase reporter;
ChIP, Chromatin immunoprecipitation assay; EMSA, Electrophoretic mobility shift
assay; AKT, RAC-alpha serine/threonine-protein kinase; JNK1, c-Jun N-terminal
kinase 1; p53, Tumor suppressor pS3; ALT, Alanine aminotransferase; AST,
Aspartate aminotransferase; MAPKs, Mitogen-activated protein kinases; MT1,

Melatonin Receptor 1A; MT2, Melatonin Receptor 1B.



one of the vital organs susceptible to fluoride toxicity [6], plethora of studies
suggest that fluoride causes hepatic dysfunction through free radicals mediated
oxidative stress [7], mitochondrial dysfunction [8], and apoptotic cell death [9].
Oxidative stress, which can be defined as an imbalance between the presence of
antioxidant enzymes and the production of reactive oxygen species (ROS), is
considered to play an important role in the toxic effects of fluoride [10, 11].
Mitochondria are the main producers of ROS and are believed to be a primary
target for NaF-induced hepatotoxicity [6, 12, 13]. Moreover, accumulating lines of
evidence suggest that NADPH oxidases participate in the production of ROS
generated by fluoride treatment [14, 15]. Recent studies have reported that Nox4
predominantly exists in the mitochondria in liver [16] and fluoride exposure
induced Nox4 expression in rat live [17]. ROS generated by Nox4 was shown to
exacerbate mitochondrial ROS production and induce mitochondrial dysfunction
[18-20]. We further showed that overexpression of manganese superoxide
dismutase (SOD2) decreased fluoride-induced mitochondrial ROS levels and that
this protects against oxidative damage and mitochondrial dysfunction [21]. We
therefore hypothesized that NaF might induce mitochondrial ROS in liver cells and
that scavenging mitochondrial ROS could be an effective strategy in preventing
NaF-induced hepatotoxicity.

Melatonin and its metabolites are powerful antioxidants and free radical scavengers
[22]. Due to its amphiphilic nature, melatonin can easily penetrate all

morphophysiological barriers and enter all subcellular compartments [23].



Melatonin could interact with mitochondria to maintain mitochondrial ROS
homeostasis [24], and it has been reported to be protective against NaF-induced
hepatotoxicity [25], and the beneficial effects may be attributed to its anti-oxidative
properties and activity against mitochondrial dysfunction. However, the potential
effects and underlying mechanisms are still unclear.

Sirtuin 3 (Sirt3), a nicotinamide adenine dinucleotide (NAD")-dependent
deacetylase, is abundantly expressed in the liver. As the primary mitochondrial
deacetylase, Sirt3 regulates the mitochondrial function via the deacetylation of key
energy metabolic enzymes as well as antioxidant enzymes, SOD2 [26, 27]. Within
the mitochondrial matrix, SOD2 is the main enzyme responsible for scavenging
harmful superoxide (O,") [28] and is also a substrate of Sirt3, the physical binding
of Sirt3 with SOD2 results in the deacetylation and activation of SOD2 [29].
Moreover, Sirt3 can interact with forkhead box O3a (Fox(O3a) in mitochondria and
activate the FoxO3a-dependent antioxidant-encoding SOD2 expression [30], and
thereby, inhibiting oxidative damage. Therefore, the aims of this study were to
evaluate the protective effect of melatonin on NaF-induced hepatotoxicity and the
role of Sirt3 signaling in this process.

Materials and methods

Ethics statement

This study was performed in strict accordance with the guidelines for the care and
use of animals of Northwest A&F University. All animal experimental procedures

were approved by the Animal Care Commission of the College of Veterinary



Medicine, Northwest A&F University.

Cell culture, reagents, and transient plasmid transfection

The normal human liver L-02 cells were purchased from Chinese Center for Type
Culture Collection, Wuhan University. The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, USA), which was supplemented with
10 % heat-inactivated fetal bovine serum (FBS, Gibco) in a 5% CO, humidified
atmosphere at 37°C. Sodium fluoride (NaF) and melatonin
(N-acetyl-5-methoxytryptamine) were obtained from Sigma-Aldrich (St. Louis, MO,
USA) and dissolved in distilled water and in absolute ethanol, respectively. The
working concentration were as follows: 2 mM NaF and 40 M melatonin (unless
stated otherwise). The mitochondrial permeability transition pore inhibitor
cyclosporine A and the mitochondrial K-ATP channel activator diazoxide were
purchased from Selleck Chemicals (Houston, TX, USA). Specific pathway
inhibitors LY294002 and SP600125 were purchased from Cell Signaling
Technology (Danvers, MA, USA). The standard stock and trial solutions were
prepared according to the manufacturer’s instructions. Caspase-3 inhibitor
[Z-Asp(O-Me)-Glu(O-Me)-Val-Asp(O-Me) fluoromethyl ketone (Z-DEVD- fmk)],
control siRNA, and siRNA targeting Sirt3, NADPH Oxidase 4 (Nox4), Superoxide
Dismutase 2 (SOD2), peroxisome proliferator-activated receptor gamma coactivator
la (PGC-1a), estrogen related receptor alpha (ERRa), nuclear respiratory factor 1
(NRFT1), tumor suppressor p53 (p53), and melatonin receptor (MT)-1 were

purchased was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).



siRNAs were transfected with Lipofectamine RNAiMax reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Plasmids were transfected
with Lipofectamine 3000 reagent (Thermo Fisher Scientific), according to the
manufacturer’s instructions.

Cell viability

Cell viability was measured by the Cell Counting Kit-8 Assay (Beyotime, Jiangsu,
China) according to the manufacturer's protocol. The absorbance was measured
using a microplate reader (Epoch, BioTek, Luzern, Switzerland) at a wavelength of
450 nm. The percentage of living cells was calculated by the ratio of the optical
density of the experimental cells to that of the normal cells.

Mitochondrial O, assessment

The mitochondrial O, generation was assessed using the MitoSOX Red
(Invitrogen), a highly selective fluorescent probe for the detection of O, generated
within mitochondria. MitoSOX Red (10 uM) was incubated for 20 min in dark at
37°C to of load L-02 cells for measurement of mitochondrial O, followed by 2
washes, with Hanks Balanced Salt Solution. The fluorescence intensity was
measured with an Infinite™ M200 Microplate Reader (Tecan, Mannedorf,
Switzerland) and images were visualized by a Nikon eclipse Ti-S microscope
equipped with the 198 Nikon DS-Ril digital camera (Nikon) with excitation and
emission wavelengths of 492 and 595 nm, respectively.

Determination of oxidative stress levels

The oxidative stress levels were measured by using



2,7-dichlorodihydro-fluoresceindiacetate (DCFDA, Invitrogen) as an indicator.
Briefly, cells were incubated with 5 uM DCFCA for 30 min at 37 °C, washed gently
three times with warm buffer. The fluorescent product formed was quantified by
spectrofluorometer using excitation/emission of 488/525 nm.

Commercial kits purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) were used to determine the levels of glutathione (GSH),
malondialdehyde (MDA), and protein carbonyl. All procedures were conducted in
accordance with the manufacturer’s instructions.

Determination of apoptotic cell death

Cell apoptosis was detected with the Annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Detection kit (Beyotime) and analyzed on the BD LSR II flow cytometry
system (Becton Dickinson, Franklin Lakes, NJ, USA). The total apoptosis rate of
cells was calculated as the sum of the rates of cells observed in the lower-right
quadrant and the upper-right quadrant.

Caspase-3 activity

Caspase-3 activity was measured using a commercial caspase-3 Activity Assay Kit
(Beyotime) following the manufacturer's instructions. Caspase-3 activity was
evaluated by enzymatic cleavage of chromophore p-nitroanilide from the substrate
N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide at 405 nm.

Separation of cytosolic and mitochondrial fractions.

Mitochondria were immediately extracted as previously described [31] using a

commercial mitochondrial fractionation isolation kit (Beyotime). Mitochondrial



quantification was performed by quantifying the protein content using a BCA
Protein Assay Kit (Pierce Biotech, Rockford, IL, USA). The mitochondrial
fractions and the cytoplasmic fractions were aliquoted and stored at -80 °C.
Western blotting

Western blotting analysis was performed as has been described [32]. Briefly, equal
amounts of protein sample were fractionated by SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes, which were blocked for 1 h with 5%
(w/v) non-fat milk. The membranes were then incubated with primary antibodies at
4 °C overnight, followed by corresponding secondary antibodies for 1 h at ambient
temperature. The blots were probed with 1:1000 rabbit anti-Bax, 1:1000 rabbit
anti-Bcl-2, 1:1000 rabbit anti-cytochrome ¢, 1:1000 rabbit anti-caspase-3, 1:5000
rabbit anti-COX 1V, 1:3000 rabbit anti-GAPDH, 1:1000 rabbit anti-Sirt3, 1:1000
rabbit anti-SOD?2, 1:1000 rabbit anti-acetylated-lysine, 1:1000 rabbit anti-p53 (Cell
Signaling Technology), 1:500 rabbit anti-AKT (Thermo Fisher Scientific), 1:1000
rabbit anti-Nox4, 1:500 rabbit anti-PGC-1a, 1:1000 rabbit anti-SOD2, 1:1000 rabbit
anti-SOD?2 (acetyl K68), 1:1000 rabbit anti-FoxO3a, 1:1000 rabbit anti-melatonin
Receptor 1A (MT1), 1:100 rabbit anti-melatonin Receptor 1B (MT2, Abcam). All
phospho-antibodies were purchased from Cell Signaling Technology and diluted
according to the manufacturer’s instructions. Immunoblots were revealed by
autograph using SuperSignal West Pico substrate (Thermo Fisher Scientific).

Sirt3 activity

Protein was extracted with a mild lysis buffer (50 mM Tris-HCI, pH 8§; 125 mM



NaCl; 1 mM DTT; 5 mM MgCl,; 1 mM EDTA; 10% glycerol; 0.1% NP-40). Sirt3
activity was determined with the CycLex Sirt3 Deacetylase Fluorometric Assay Kit
according to the manufacturer’s instructions (MBL International Corp. Tokyo,
Japan). The fluorescence intensity was monitored at excitation and emission
wavelengths of 355 and 460 nm, respectively.

Mitochondrial membrane potential

Mitochondrial membrane potential was detected with the fluorescent, lipophilic dye,
JC-1 (BioVision, Milpitas, CA, USA) as previously described [33]. A green
fluorescent JC-1 probe exists as a monomer at low membrane potentials; however,
at higher potentials, JC-1 forms red-fluorescent ‘J-aggregates’. The cells were
incubated with 5 mg/L JC-1 for 1 h in dark, washed twice with PBS and
resuspended in the serum-free medium. The ratio of red fluorescence (JC-1
J-aggregates) and green (JC-1 monomers)were measured within randomly selected
cells. The mitochondrial membrane potential was represented as the ratio of red to
green fluorescence intensity.

SOD2 activity

SOD2 activity was assayed with the Cu/Zn-SOD and Mn-SOD Assay Kit
(Jiancheng Bioengineering) following the manufacturer’s instructions. Cells were
collected and lysed. Potassium cyanide at 3 mM was used to inhibit Cu/Zn-SOD
and thus measure only MnSOD activity. After sample and SOD standard were
prepared and added into 96-well plate, we initiated the reaction by adding 20 pl of

diluted xanthine oxidase to all the wells. The plate was incubated on a shaker for 30



min at room temperature. The OD values were detected using a spectrophotometer
at 450 nm.

Immunoprecipitation

Immunoprecipitation was conducted according to previously described methods
with a few modifications [34]. Mitochondrial proteins (150 pg) were incubated
overnight at 4°C with 5 pg of the targeted antibodies in a total volume of 250 pl.
Following addition of fresh protein A/G-conjugated beads (Santa Cruz) and rotated
overnight at 4°C. Finally, the beads were washed thrice with the same lysis buffer,
eluted with the sample loading buffer, and analysis by SDS-PAGE.

Construction of plasmids

The full length coding sequences of Sirt3, nuclear respiratory factor 1 (NRF1) and
estrogen-related receptor alpha (ERRa) were amplified from L-02 cDNA, then the
sequences were inserted into pCMV-HA plasmid by molecular cloning methods and
confirmed by sequencing. All the primers used for plasmids are listed in
Supplementary Tables 1 and 2.

Sirt3 promoters were cloned from genomic DNA of L-02 cells by polymerase chain
reaction (PCR). P-2kb, P-1.5kb, P-1 kb, and P-0.5kb constructs containing the Sirt3
promoter regions —2,092 to + 144 bp (relative to transcription start site), —1,458 to +
144 bp, —864 to + 144 bp, and —348 to + 144 bp were amplified using the different
forward primers and common reverse primer. All these plasmids were confirmed by
sequencing. All the primers used for plasmids are listed in Supplementary Tables 3

and 4.



Quantitative Real-time PCR (qPCR) analysis

Total RNA was isolated with the TRIzol Reagent (Invitrogen), which was reverse
transcribed to cDNA with the SYBR PrimeScript RT-PCR Kit (Takara BIO Inc.,
Japan). The gene-specific primers used are listed in Supplementary Table 5. Results
were normalized to levels of GAPDH mRNA and expressed as the fold change (2~
aacty

Luciferase reporter assay

The cell signaling pathway profiling systems used in this study were commoditized
products that purchased from Clontech (TaKaRa-Clontech, Tokyo, Japan).
Supplementary Table 6 shows the plasmids used and the pathways they represent.
Luciferase measurements were performed with the dual luciferase reporter (DLR)
Assay System (Promega, Madison, WI, USA). Briefly, cells were transfected with 2
pg of reporter plasmid/well and 0.1 pg of Renilla luciferase plasmid pRL-SV40
(Promega) was co-transfected as an internal control. Data were collected with a
VICTOR X5 Multilabel Plate Reader (PerkinElmer). Relative luciferase activities
were measured by firefly luciferase luminescence divided by Renilla luciferase
luminescence.

Chromatin immunoprecipitation assay (ChIP)

A ChIP assay was performed with the Pierce Agarose ChIP Kit as our previously
described [35]. Briefly, cells were cross-linked with formaldehyde for 15 min at
room temperature followed by glycine treatment to stop the cross-linking. Genomic

DNA was isolated and sheared by ultrasonic waves and 10 % of the supernatant was



regarded as input. Antibodies against FoxO3a (Abcam) or ERRa (Cell Signaling
Technology) were used for IP. The ChIP enrichment was determined with an ABI
StepOnePlus PCR system (Applied Biosystems). Primer sequences used for
ChIP-gPCR are listed in Supplementary Table 7.

Electrophoretic mobility shift assay (EMSA)

The EMSA assay was strictly performed with an Electrophoretic Mobility Shift
Assay Kit (Molecular Probes, Invitrogen) according to the manufacturer’s
recommendations. The complementary oligonucleotides were annealed in annealing
buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA, 100 mM NacCl) to form
double-stranded oligodeoxynucleotide probes. A total of 50 ng probes was
incubated with 10 pg cell lysates from L-02 cells for 30 min at room temperature.
For supershift experiments, ERRa monoclonal antibody was incubated with cell
lysates for 30 min at room temperature, followed by incubation with probes for an
additional 30 min. Then, the mixtures were resolved on 6% nondenaturing
polyacrylamide gels. Primer sequences used for EMSA are listed in Supplementary
Table 8.

Animal studies

A total of 40 two-mo-old Kunming mice were purchased from the experimental
animal center of the Fourth Military Medical University. The mice were kept in
standard animal housing at 22 + 2 °C with ventilation and hygienic conditions, as
well as free access to food and water. All mice except control were injected

intraperitoneally with NaF (8 mg/kg) for 14 d [21]. Some mice were



intraperitoneally injected with melatonin (5 mg/kg) [36] at 2 h before NaF treatment.
The control mice received an equal volume of normal saline. The livers were
homogenized using an automatic homogenizer, and centrifuged at 1, 500xg for 20
min at 4°C. The supernatant was kept at —80°C until further analysis.

Liver function

Liver function was evaluated by measuring serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) with an automated chemistry analyzer
(Olympus AU1000, Olympus, Tokyo, Japan).

Measurement of ROS generation in isolated mitochondria

Mitochondria were isolated from freshly harvested liver as described previously
[37]. The isolated mitochondria were further purified using Percoll density gradient
centrifugation. The freshly isolated mitochondria (10 pg) was incubated with
pyruvate/malate(5/5 mmol/L) in a reaction buffer containing Amplex Red (0.05
mmol/L, Life Technologies) at 37°C. The fluorescent signals were monitored by
spectrofluorometer at 520/580nm for everyl0 min.

Statistical analysis

Raw data were analyzed with the SPSS 19.0 software (Chicago, IL, USA). Results
are expressed as mean = SD from triplicate parallel experiments unless otherwise
indicated. Statistical analyses were performed with one-way ANOVA, followed by
post hoc least significant difference tests. Values with P<0.05 were considered
statistically significant.

Results



Melatonin ameliorates NaF-induced mitochondrial ROS generation and
oxidative stress in human normal liver L-02 cells

As shown in Figure 1A, NaF decreased cell viability in a dose- and time-dependent
manner in L-02 cells. The cell viability was reduced to 54.3 + 2.8% when treated
with 2 mM NaF for 12 h compared to the control group. Treatment of 40 uM
melatonin exhibited optimal beneficial effect on cell viability in NaF treated L-02
cells (P<0.01; Fig. 1B). Thus, melatonin at the concentration of 40 uM without
obvious cytotoxicity was selected for subsequent assessments. A significant
elevation (P<0.01) of MitoSOX fluorescence (an indicator of mitochondrial
superoxide, Fig. 1C) and DCFDA fluorescence (an indicator of total cellular ROS,
Fig. 1D) were detected in NaF-treated L-02 cells and they were suppressed to a
considerable extent by pretreatment with melatonin. Notably, NaF induced
MitoSOX and DCFDA fluorescence could also be attenuated by diazoxide (200
uM), an activator of the mitochondrial K-ATP channel or cyclosporine A (1 uM), an
inhibitor of the mitochondrial permeability transition pore (Supplementary Figs. 1A
and B), further supporting mitochondrial mechanisms of ROS induction (see
discussion).

The GSH level is frequently used as an indicator of oxidative stress [38]. Decreased
GSH level was observed in NaF-treated L-02 cells. However, pretreatment with
melatonin restored NaF-induced change in GSH level (Fig. 1E), indicating the
ameliorative effects of melatonin on NaF-induced oxidative stress. Lipid

peroxidation (in terms of MDA levels) and protein carbonyl content are common



markers of cell membrane damage and oxidative modification of proteins
respectively. NaF increased the levels of MDA and protein carbonylation in L-02
cells. Treatment with melatonin substantially reduced the levels of lipid
peroxidation (Fig. 1F) and protein carbonylation (Fig. 1G). These results
established melatonin as an effective antioxidant against NaF-induced oxidative
stress.

Excessive mitochondrial ROS is well known to induce apoptosis [39]. Flow
cytometric analysis demonstrated that melatonin protected L-02 cells against
NaF-induced apoptosis (Fig. 2A). As shown in Figure 2B, cytochrome ¢ content in
the cytoplasm was higher in the NaF group compared with the control group.
Melatonin pretreatment remarkably decreased the cytosolic expressions of
cytochrome ¢ in NaF-treated L-02 cells. The expression of Bax was increased
substantially in the cytosolic fraction (Fig. 2C) but decreased substantially in the
mitochondrial fraction (Fig. 2D) when cells treated with 2 mM NakF, compared with
the control group. Interestingly, though Bcl-2 decreased in the cytosolic fraction as
a result of NaF treatment, there seemed no significant changes (P>0.05) of Bcl-2
expressions in the mitochondrial fractions. Melatonin pretreatment inhibited
NaF-induced changes of Bax/Bcl-2 ratio in the cytosolic and mitochondrial
fractions. Because caspase-3 is a key regulator of both extrinsic and intrinsic
apoptosis pathway [40] and NaF-driven apoptosis is mediated by stimulating the
extrinsic apoptosis pathway while enhancing the intrinsic apoptosis pathway in

hepatocytes [41, 42], we hypothesized that caspase-3 may be a positive regulator of



NaF-induced apoptosis. The induction of apoptosis (Supplementary Fig. 2) were
abolished by pre-incubation with the caspase-3 inhibitor, Z-DEVE-fmk (20 uM; 2
h), suggesting that NaF-induced apoptosis proceeds via caspase-3-dependent
pathway in L-02 cells. Pretreatment with melatonin reduced NaF-induced cleaved
caspase-3 protein levels (Fig. 2E). Therefore, the protective effect of melatonin in
hepatocytes can be attributed to reduced rates of apoptosis following NaF stimuli.
Furthermore, cells were preincubated with Mito-Tempo (a mitochondria-targeted
SOD mimetic) before NaF exposure. Mito-Tempo enhanced SOD2 activity
(Supplementary Fig. 3A) but not SOD2 levels (Supplementary Fig. 3B), suppressed
mitochondria O, level (Supplementary Fig. 3C), and decreased the NaF-mediated
increase in protein carbonyl content (Supplementary Fig. 3D) and apoptosis
(Supplementary Fig. 3E). Moreover, NaF-induced decrease in cell viability was
markedly attenuated after treatment with Mito-Tempo (Supplementary Fig. 3F).
These results confirmed that inhibiting mitochondrial O, level could rescue
NaF-induced hepatotoxicity.

Recent literatures reported that Nox4 primarily expressed in liver promotes
mitochondrial O," production and plays a crucial role in the pathology of
NaF-induced hepatic dysfunction [17]. Western blot analysis revealed that Nox4
localize within the mitochondria in L-02 cells (Supplementary Fig. 4A) and NaF
exposure increased the Nox4 expression (Fig. 3A). Knockdown of Nox4 reversed
NaF-induced elevation of mitochondrial O,™ production (Fig. 3B) and protected

L-02 cells against NaF-induced oxidative injury (Fig. 3C) and mitochondrial



dysfunction (Fig. 3D). In addition, silence of Nox4 dramatically prevented
NaF-induced apoptosis (Fig. 3E). These data suggest that NaF-induced Nox4
expression promotes mitochondria O, production and induces mitochondrial
dysfunction. Melatonin pretreatment attenuated Nox4 upregulation in NaF-treated
L-02 cells (Fig. 3A).

Melatonin reduces NaF-induced mitochondrial O,  level by the Sirt3-mediated
upregulation of SOD2

As the main mitochondrial deacetylase, Sirt3 modulates various proteins to control
mitochondrial function and oxidative stress response [43]; therefore, we investigate
the effect of melatonin on Sirt3. To test this idea, Sirt3 was knockdown before
melatonin treatment. Melatonin restored the NaF-mediated reduction in Sirt3
protein expression (Fig. 4A) and activity (Fig. 4B). Silencing of Sirt3 sharply
abolished these effects. Melatonin-triggered decrease in mitochondrial O,
production (Fig. 4C) was reversed by Sirt3 depletion. Moreover, depletion of Sirt3
with siRNA eliminated the effects of melatonin on mitochondrial membrane
potential (Fig. 4D). In addition, melatonin-induced increase in cell viability was
significantly decreased (P<0.01; Fig. 4E) by knocking down of Sirt3.

SOD?2 is the mitochondrial antioxidant that aids in the elimination of O,", and is a
substrate of Sirt3 in mitochondria. As shown in Figures 5A and B, the upregulated
level and activity of SOD2 by melatonin were attenuated by Sirt3 deficiency.
Notably, melatonin-triggered decrease in Nox4 expression was reserved by SOD2

depletion (Fig. 5C), suggesting a potential interaction between mitochondrial O,



and Nox4 activation. SOD2 activity is tightly regulated by acetylation at its lysine
residues [44]. Given the apparent link between Sirt3 and SOD2, we explored the
relationship between the influence of melatonin on Sirt3 and SOD?2 activity.
Coimmunoprecipitation pull-down (Co-IP) assay results indicated that melatonin
promoted the binding of SOD2 and Sirt3 in mitochondria (Fig. 5D), and resulted in
the decreased acetylation of SOD2 (Fig. 5E). Sirt3 knockdown diminished the
effects of melatonin on the deacetylation levels of SOD2 (Fig. 5F).

Overexpression of Sirt3 alleviated NaF-induced suppression of Sirt3 activity
(Supplementary Fig. 5A) and expression (Supplementary Fig. 5B). Moreover, Sirt3
overexpression decreased the expression of acetylated-SOD2 induced by NaF in
L-02 cells (Supplementary Fig. 5C). However, the deacetylase-deficient Sirt3
mutant (H248Y) completely eliminated the effects of Sirt3 on the deacetylation of
SOD2. Collectively, these data suggest that the deacetylation of SOD2 induced by
melatonin is mediated by Sirt3 and melatonin enhances SOD2 activity through the
deacetylation of Sirt3.

Melatonin upregulates SOD2 expression through the interaction of Sirt3 with
FoxO3a

It has been reported that FoxO3a plays an important role in regulating the SOD2
expression [45]. As shown in Figure 6A, FoxO3a localized in mitochondria and
melatonin had little influence on the total protein level of FoxO3a. However,
melatonin promoted the interaction of FoxO3a with Sirt3 in mitochondria (Fig. 6B).

Loss of Sirt3 diminished melatonin-mediated deacetylation of FoxO3a (Fig. 6C).



Moreover, the FoxO3a-luciferase reporter plasmid (containing FoxO3a-binding
motifs
cAGGCTGGGCGGCGGgagetcacgcgtCCGCGAAGAAACgctagectcgagCCTCCT
GGCTTTa) assay indicated that melatonin increased the transcriptional activity of
FoxO3a, whereas the regulative activities of melatonin were abolished when the
cells were co-transfected with the Sirt3 siRNA and FoxO3a-luciferase plasmid (Fig.
6D) verify that FoxO3a physically occupies the SOD2 promoter, we performed the
ChIP assay. As shown in Figure 6E, melatonin promoted the binding of FoxO3a to
the promoter of SOD2. We also examined the expression of catalase, another
downstream target of FoxO3a, and found that melatonin had no effect on catalase
expression in L-02 cells (data not shown).

Overexpression of Sirt3, not Sirt3"24Y

, suppressed the acetylation of FoxO3a in
cells exposed to NaF (Supplementary Fig. 6A). As a result, enhancing the
transcriptional activity of FoxO3a (Supplementary Fig. 6B). These results indicate
that melatonin enhances SOD2 expression by promoting Sirt3-modulated FoxO3a
transcriptional activity.

Melatonin upregulates Sirt3 via activation of PGC-1a-dependent ERRa
signaling pathway

As shown in Figure 7A, PGC-1a siRNA transfection prevented the induction of
Sirt3 expression induced by melatonin, indicating that PGC-1a was required for

Sirt3 expression. It has been demonstrated that ERRa, NRF1, or NRF2 not only act

as the downstream targets of PGC-1a, but is also co-activated by this transcriptional



coactivator [46]. Here, we found that PGC-1a interacted with NRF1 and ERRa in
L-02 cells (Supplementary Fig. 7A). To find the transcription factor of Sirt3, we
performed overexpression and knockdown of NRF1 or ERRa. PGC-1a
overexpression increased Sirt3 expression and cotransfection of PGC-1a and ERRa
could increase more expression of Sirt3 (Fig. 7B). While, ERRa or NRF1
overexpression alone had no effect on Sirt3 expression (Fig. 7C and supplementary
Fig. 7B). Overexpression of ERRa, not NRF1, followed by melatonin treatment
could increase more Sirt3 mRNA levels compared with melatonin treatment alone
(Fig. 7D and supplementary Fig. 7C). Moreover, melatonin-induced upregulation of
Sirt3 mRNA was completely reversed by knocking down ERRa (Fig. 7E). By
contrast, melatonin treatment increased Sirt3 mRNA expression, and this
phenomenon persisted, even after NRF1 knockdown (Supplementary Fig. 7D).
These results suggested that melatonin activated Sirt3 mRNA transcription via a
PGC-1o-dependent ERRa-mediated signaling pathway.

Subsequently, —2092 bp to +144 bp Sirt3 promoter region was amplified by PCR
for genomic DNA of L-02 cells, and then a series of truncated segments of the
promoter were inserted into pGL4.10 for DLR assay to confirm the foregoing
conclusion. As shown in Figure 8 A, upon deletion of the promoter region of —2092
bp to —864 bp, the Sirt3 promoters activities were upregulated by melatonin
treatment. However, melatonin lost its ability to regulate Sirt3 promoter activity
following deletion of —864 bp to —348 bp. Therefore, the sequence between —864 bp

to —348 bp was analyzed, and a ERRE-intensive area (TGCCATTG) was revealed



at position —497 bp/—490 bp upstream of the transcriptional start site. In addition,
we compared this motif and its flanking sequence of the Sirt3 promoter with
corresponding promoter sequences from different species, including mouse and
chimpanzee. Based on the sequence alignment, the putative ERR binding site is
evolutionarily conserved (Fig. 8B).

Next, —864 bp to +144 bp Sirt3 promoter region was cloned into the luciferase
reporter vector, pGL4.10 (P-WT), and the potential ERR binding element was
mutated to CTACAGGT (P-MUT; primer sequences are listed in Supporting
information Table 4). DLR assays were performed to confirm that this mutated
residue is responsible for response to melatonin signaling. As shown in Figure 8C,
the p-WT group gave good reproducibility in response to melatonin, NaF, or
PGC-1a knockdown; whereas this effect was almost completely abolished in
p-MUT group. These data revealed that the —497 bp to —490 bp fragment of the
Sirt3 promoter is responsible for response to the melatonin-mediated ERRa
signaling.

EMSA assay was then performed to test the in vitro binding of ERRa and the —497
to —490 bp Sirt3 fragment. The sequence “gctagTGCCATTGcgtcat” repeat was
used as a WT nucleic acid probe, and the sequence (TGCCATTG) mutated to
CTACAGGT was used as MUT probe. A preliminary experiment was performed to
test the binding of probe (Fig. 8D-left). As shown in Figure 8D-middle, there was a
shift band in the lane loaded with WT probe and lysates compared with lysates

alone. The protein—probe binding was regulated by NaF and melatonin, as expected.



Moreover, a specific super-shift band was detected with the ERRa antibody, thereby
indicating that ERRa was bound to the probe (Fig. 8D-right).

To further confirm the EMSA results and to verify that ERRa physically occupies
the Sirt3 promoter, we performed the ChIP assay. As shown in Figure 8E, a 4.7-fold
enrichment of ERRa was observed. Collectively, these results suggest that ERRa
directly binds to the Sirt3 promoter and activates the expression of Sirt3.
Melatonin upregulates PGC-1a expression through the activation of MT1-
PI3K/AKT signaling pathway

Recently, adenosine monophosphate-activated protein kinase (AMPK) has been
reported to function as the critical upstream signaling of PGC-1a [47-49]. However,
melatonin treatment did not alter AMPK signaling (Supplementary Fig. 8A). To
investigate the mechanism of melatonin-induced PGC-1a activation, the cell
signaling pathway profiling systems were used. Melatonin treatment affected 5 of
12 pathways (Fig. 9A). Then the specific inhibitors of these 5 pathways were used
to determine those involved in PGC-1a regulation. Melatonin-triggered AKT
activation was inhibited in L-02 cells pretreated with LY294002 (a
PI3K/AKT-specific inhibitor), accompanied by decreased PGC-1a expression (Fig.
9B) and Sirt3 promoter activity (Fig. 9C). Hence, melatonin exerts its effect mainly
through the PI3K/AKT signaling pathway.

In mammals, melatonin exerts numerous biologic function via the 2 receptors of the
G-protein-coupled superfamily: MT1 and -2. Our data show that only the MT1

membrane receptor was detected in L-02 cells (Supplementary Fig. 8B). The role of



MT1 was further evaluated by the use of an melatonin receptor antagonist and MT 1
siRNA transfection. Chemical inhibition of MT1 decreased the phosphorylated
AKT and PGC-1a expression (Fig. 10A), as well as the Sirt3 promoter activity (Fig.
10B). Hence, melatonin upregulates Sirt3 expression, mainly by activating MT1.
Melatonin attenuates NaF-induced JNK1/2 activation in mice liver

To determine whether melatonin suppressed NaF-induced oxidative stress in vivo,
we examined the effects of melatonin in mouse model. NaF resulted in liver
damage, which was confirmed by increases in serum activities of ALT and AST
were significantly attenuated (P<0.01) by melatonin therapy (Supplementary Figs.
9A and B). Melatonin increased phosphorylated-AKT, PGC-1a, Sirt3, and SOD2
expression (Supplementary Fig. 9C). Meanwhile, NaF-induced upregulation of
Nox4 and acetylated-SOD?2 (acetyl K68) were also modulated by melatonin
(Supplementary Fig. 9C). Moreover, administration of melatonin abolished
NaF-induced mitochondrial ROS generation and oxidative injury in mice liver
(Supplementary Figs. 9D-F).

Apoptosis plays an important role in the pathogenetic mechanisms involved in
fluorosis. As shown in Figures 11A and B. NaF treatment decreased Bcl-2/Bax ratio
and increased caspase-3 activity, which could be reversed by melatonin. Since
activation of mitogen-activated protein kinases (MAPKs) have been implicated in
apoptosis and they are sensitive to oxidative stress [50]. Western blot analysis
showed that phosphorylated JNK1/2 was increased in NaF-exposed mice liver (Fig.

11A) while no changes in phosphorylated ERK1/2 and p38 were observed (data not



shown). Melatonin suppressed JNK1/2 phosphorylation in NaF-induced mice liver.
In vitro, NaF treatment also increased phosphorylation of JNK1/2. To further
address the involvement of JNK1/2, L-02 cells were pretreated with melatonin or
SP600125 (a potent JNK1/2 inhibitor) followed by NaF treatment. NaF increased
phosphorylated JNK1/2, which was abolished by melatonin or SP600125 (Fig. 11C).
In addition, SP600125 prevented NaF-induced apoptosis (Figs. 11D and E).
Discussion

Our study provides direct evidence that protection from mitochondrial O, by
melatonin confers resistance to NaF-induced hepatotoxicity. Further investigation
reveals the key role of mitochondrial Sirt3 in the regulation of mitochondrial O,
levels in melatonin-treated liver cells. Melatonin not only enhances the activity of
SOD2 via enhancing Sirt3-mediated deacetylation, but also increases SOD2
expression by promoting the transcriptional activity of FoxO3a. Most importantly,
the results of this study, for the first time, support a model whereby melatonin
activates MT1-PI3K/AKT-PGC-1a signaling, which is required for
ERRa-dependent Sirt3 transcription.

Mitochondria are the main producers of ROS and that the toxicity of fluoride is
closely associated with mitochondrial ROS induction [2]. Indeed, one potential
mechanisms of NaF-induced mitochondrial ROS could be the ROS-induced ROS
release from mitochondria, which might be mediated by suppression of
mitochondrial ATP-sensitive K (Katp) channels (activated by diazoxide) or by

activation of mitochondrial permeability transition pore (inhibited by cyclosporine



A) [51, 52]. As confirmed by observations that mitochondrial ROS induced by NaF
was reduced by treatment with diazoxide or cyclosporine A; thus, the involvement
of ROS-induced ROS release from mitochondria should be considered as one of the
primary mechanisms of NaF-induced ROS signaling in liver cells. This places
mitochondria in a central position for signal amplification, and conversely, for
therapeutic targeting. In keeping with this concept, targeted inhibition of
mitochondrial O," by Mito-Tempo efficiently mitigated oxidative damage and
apoptosis in NaF-stimulated liver cells, demonstrating that maintain mitochondrial
O, at tolerable levels may be a viable strategy to treat NaF-induced hepatotoxicity.
The concentration of melatonin in mitochondria is extremely higher than that in
other parts of the cells, and that melatonin should be classified as a
mitochondrial-targeted antioxidant [53, 54]. Recent studies have focused on the role
of melatonin in the regulation of mitochondrial ROS in healthy and disease states
[24, 55]. Sirt3, Sirt4, and Sirt5 are the three sirtuin family members that are mainly
localized to the mitochondria. Among them, Sirt3 is the most robust acetyl-lysine
deacetylase in mitochondria that control the mitochondrial ROS elimination [56-58].
Accumulating evidence suggests that melatonin and Sirt3 both play indispensable
roles in intrinsic anti-oxidative mechanisms [59]. Therefore, we paid much attention
on the relationship between melatonin and Sirt3. Other report including the present
study showed that melatonin can up-regulate Sirt3 expression in liver cells and in
turn attenuate NaF-induced rise in mitochondrial O, [48]. Blocking Sirt3 by

siRNA abolished the liver cell protection conferred by melatonin suggesting that



melatonin acts via Sirt3 pathways.

SOD2 is a major downstream signal of Sirt3-mediated mitochondrial O, reduction
and deacetylation of SOD2 by Sirt3 regulates SOD2 enzymatic activity [60, 61].
The present study shows that loss of Sirt3 diminished the melatonin-induced the
decrease of the acetylated SOD2 and the upregulated expression of SOD2. In
addition, several groups have provided evidence that Sirt3 promotes the
transcription of SOD2 through the activation of FoxO3a [62, 63]. Melatonin
promotes the interaction of FoxO3a with Sirt3 in mitochondria and enhances
FoxO3a deacetylation [64], thus promoting nuclear translocation of FoxO3a.
Collectively, through promoting Sirt3-modulated transcription and activity of SOD2,
melatonin inhibits NaF-induced mitochondrial O™ production. Moreover, recent
studies have shown that Nox4 is a predominant source of ROS in hepatocytes. The
present study shows that Nox4 was up-regulated in NaF-treated liver cells, which is
consistent with recent report [17]. Treatment of liver cells with siRNA directed
against Nox4 decreased Nox4 expression levels and reduced oxidative damage as
well as generation of mitochondrial O, , suggesting that Nox4 promotes
mitochondrial O," generation. On the other hand, melatonin-induced inhibition of
the expression of Nox4 was reversed by knocking down SOD2. This suggests that
reducing mitochondrial O, by melatonin substantially attenuated NaF-induced
Nox4 upregulation. In fact, this has been recognized that mitochondrial ROS
positively regulates NADPH oxidase subunits expression and activation under

pathological conditions [65, 66]. Thus, it is most likely that cross-talks between



mitochondria and NADPH oxidase form a positive feedback loop in favor of ROS
production and oxidative damage in liver cells, and disruption of this feedback loop
by inhibiting either of them provides beneficial effects on NaF-induced
hepatotoxicity.

In agreement with the recent experimental data indicating increased AKT
phosphorylation by melatonin [67, 68], our results further confirmed that melatonin
stimulated phosphorylation of AKT in liver cells. Furthermore, we reported for the
first time, that melatonin activates PI3K/AKT signaling, which is required for
PGC-1a expression. PGC-1a activated the Sirt3 mRNA transcription promoter,
which was mediated by an estrogen-related receptor (ERR) binding element (ERRE)
mapped to the Sirt3 promoter region in liver cells. These results are supported by
those of Kong and colleagues [69]. It is noteworthy that melatonin exerts numerous
biologic function through specific plasma membrane receptors [70, 71]. There are
two subtypes of melatonin membrane receptors (MT), MT1 and MT2, both of
which are members of the seven transmembrane G protein-coupled receptor family.
Only expression of the MT1 protein was found in L-02 cells. Pharmacological and
genetic inhibition of MT1 abolished the effects of melatonin on AKT
phosphorylation.

MAPKSs are a group of protein serine/threonine kinases that play important roles in
complex cellular programs and they are sensitive to oxidative stress [72], we
therefore examined three subfamilies of MAPKSs, including ERK1/2, INK1/2, and

p38. INKs and p38-MAPKs were deemed to be stress responsive and thus involved



in apoptosis [73]. Our results demonstrated a direct correlation between
NaF-induced apoptotic cell death and JNK-activation in liver cells. However, it is
important to recognize that fluoride is a recognized GTP-binding proteins (G
proteins) activator and protein phosphatase inhibitor [2, 74-76]. Fluoride activates
due to the formation of an AlIF, complex, and this leads to the subsequent
activation of G protein-linked signal transduction pathway. On the other hand, the F
~ anion is also known as an inhibitor of protein phosphatases, thereby retaining
signal molecules in an active phosphorylated state [77]. Further study needs to
investigate what extent this activation is mediated via G protein activation or
phosphatase inhibition. In the present study, administration of melatonin prevented
NaF-induced JNK1/2 activation in vivo and in vitro, and inhibition of INK1/2
prevented apoptosis in NaF-exposed liver cells. Thus, the attenuation of
fluoride-induced JNK1/2 phosphorylation by melatonin may be one of the
downstream mechanisms underlying protection by melatonin.

Since p53 is a transcriptional repressor that controls the expression of Bel-2 [78]
and NaF exposure has been shown to induce p53 expression in L-02 cells [79]. In
p53 siRNA cells, the expression of the Bcl-2 was increased, and not altered after
NaF exposure (Supplementary Fig. 10A). It is well established that p53 has a close
relation with ROS. p53 activity can be regulated by ROS, and ROS regulate cell
fate through p53 [80]. By applying Mito-Tempo (Supplementary Fig. 10B), we
confirmed that ROS mediated p53 activation in L-02 cells. Therefore, the decreased

Bcl-2 expression induced by NaF can be attributed to ROS-dependent p53



activation in L-02 cells. Despite the observation of oxidative stress and apoptosis
increase, treatment with NaF resulted in several potentially protective responses.
Most notably, NaF led to an increase in the mitochondrial Bcl-2:Bax ratio.
Although it appears that both Bax and Bcl-2 can regulate apoptosis independently,
there also seems to be an in vivo competition that exists between the two.
Homodimers of Bax (Bax/Bax) create large pores in the outer membrane and
promote apoptosis by facilitating the release of cytochrome ¢, whereas heterodimers
of Bcl-2/Bax prevent pore formation and inhibit apoptosis [81]. Because
cytochrome ¢ was elevated in the cytosol of NaF-treated liver cells, we would have
expected to see a decrease in the Bcl-2:Bax ratio. However, we found a significant
decrease in mitochondrial levels of Bax in the NaF treated group and no changes in
mitochondrial Bcl-2 between groups. This resulted in an increase in the Bel-2:Bax
ratio, suggesting an adaptive response may have occurred that could make cells
more resistant to mitochondrial-mediated apoptosis induced by NaF and this needs
further investigation.

In conclusion, we found that melatonin facilitates the expression of Sirt3 by
activating the PI3K/AKT-PGCla signaling pathway, thus protecting liver cells
against from NaF-induced oxidative damage. Our findings may also provide
valuable clues in the search for new drugs that can be applied to clinical application

for the treatment or prevention of NaF-induced hepatotoxicity.
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Figure Legends

Figure 1. Melatonin inhibits fluoride-induced oxidative injury in L-02 cells. (A)
Cells were treated with fluoride with different concentrations or for different time
intervals, respectively. Cell viability was determined using the CCK-8 assay. (B)
Confluent cells were pretreated for 2 h with various concentrations of melatonin.
After removing the supernatants, cells were incubated with fresh medium in the
presence or absence of fluoride (2 mM) for an additional 12 h. Cell viability was
determined. Cells were pretreated with 40 uM melatonin for 2 h and then treated
with or without 2 mM fluoride for an additional 12 h. (C) The mitochondrial O,
levels were estimated using MitoSOX Red. (D) Intracellular ROS was detected with
CM-DCFDA. The GSH level (E), MDA content (F), and protein carbonyl content
(G) were determined. All results are representative of three independent
experiments and values are presented as means + SD. P < 0.05, P < 0.01. N, not
significant. Abbreviations: F, fluoride; Mel, melatonin.

Figure 2. Melatonin attenuates fluoride-induced apoptosis in L-02 cells. Cells were



pretreated with 40 uM melatonin for 2 h and then treated with or without 2 mM
fluoride for an additional 12 h. (A) Representative images of flow cytometric
analysis by Annexin V-FITC/PI dual staining. (B) Release of cytochrome ¢ from
mitochondria was measured by Western analysis using an anti-cytochrome ¢
antibody. The ratio of Bax/Bcl-2 in the cytosolic fraction (C) and mitochondrial
fraction (D). (E) The cleaved caspase-3 protein expression levels were analyzed by
Western blot. All results are representative of three independent experiments and
values are presented as means =+ SD. “P <0.01. Ns, not significant.

Figure 3. Melatonin reduces fluoride-induced upregulation of Nox4. Cells were
pretreated with melatonin of 40 uM for 2 h, washed, and then treated with or
without fluoride of 2 mM for an additional 12 h. (A) The immunoblot bands of
Nox4. L-02 cells transfected with scrambled or Nox4 siRNA were treated with 2
mM of fluoride for 12 h. The mitochondrial O,  level (B) and protein carbonyl
content (C) were measured. (D) Quantification of mitochondrial membrane
potential. (E) Caspase-3 activity was measured spectrophotometrically. All results
are representative of three independent experiments and values are presented as
means + SD. P <0.05, P <0.01.

Figure 4. Melatonin alleviates fluoride-induced oxidative injury via Sirt3 pathway.
Cells were transfected with Sirt3 siRNA. At 24-h post-transfection, cells were
pretreated with melatonin (40 pM) for 2 h and then treated with or without fluoride
of 2 mM for an additional 12 h. The Sirt3 protein expression (A) and its activity (B)

were determined. (C) Mitochondrial O, levels. (D) Determination of



mitochondrial membrane potential. Red fluorescence was emitted by JC-1
aggregates in healthy mitochondria with polarized inner mitochondrial membranes,
whereas green fluorescence was emitted by cytosolic JC-1 monomers, indicating
mitochondrial membrane potential dissipation. Merged images indicate
co-localization of JC-1 aggregates and monomers. (E) The effect of melatonin and
Sirt3 siRNA pretreatment on cell viability. All results are presented as means = SD
of at least three independent experiments. **p < 0.01. Ns, not significant.

Figure 5. Melatonin increases mitochondrial O, scavenging by stimulating
Sirt3-mediated SOD2 deacetylation. Cells were transfected with Sirt3 siRNA. At
24-h post-transfection, cells were pretreated with melatonin (40 uM) for 2 h and
then treated with or without 2 mM fluoride for an additional 12 h. The effect of
melatonin and Sirt3 siRNA pretreatment on SOD2 expression (A) and its activity
(B). SOD2-deficient L-02 cells were incubated with or without melatonin for 2 h
followed by fluoride. (C) Protein expression of Nox4 was detected. (D) SOD2 was
immunoprecipitated using Sirt3 antibody. (E) Acetylated-SOD2 (Ac-SOD2) was
immunoprecipitated using SOD2 antibody. (F) Ac-SOD2 was immunoprecipitated
in Sirt3-deficient L-02 cells. All results are representative of three independent
experiments. P < 0.01. Ns, not significant.

Figure 6. Melatonin regulates the expression of SOD2 through the interaction of
Sirt3 with FoxO3a in mitochondria. Cells were pretreated with melatonin (40 uM)
for 2 h and then treated with or without fluoride of 2 mM for an additional 12 h. (A)

Mitochondria were isolated after treatment and subjected to western blot analysis



for FoxO3a. (B) FoxO3a was immunoprecipitated using a Sirt3 antibody.
Sirt3-deficient L-02 cells were preincubated with or without 40 pM melatonin for 2
h and then treated with or without fluoride (2 mM) for an additional 12 h. (C)
FoxO3a acetylation at lysine-100 residue. (D) Cell lysates were harvested for dual
luciferase report assays. (E) ChIP analysis was used to examine the binding of
FoxO3a to the SOD2 promoter in L-02 cells treated with melatonin. Data are
expressed as mean £ SD of three independent experiments. "P<0.05, "P<0.01
versus the control group.

Figure 7. ERRa is required for PGC-1a induced Sirt3 expression. Cells were
transfected with PGC-1a siRNA. At 24-h post-transfection, cells were pretreated
with melatonin (40 uM) for 2 h and then treated with or without fluoride of 2 mM
for an additional 12 h. (A) The expressions of PGC-1a and Sirt3 were measured by
western blot. (B) PGC-1a overexpression increased Sirt3 expression and
cotransfection of PGC-1a and ERRa could increase more expression of Sirt3. (C)
Relative levels of Sirt3 mRNA in response to overexpressed ERRa and fluoride. (D)
Overexpression of ERRa followed by melatonin treatment could increase more
Sirt3 mRNA levels. ERRa-deficient L-02 cells were preincubated with or without
40 uM melatonin for 2 h and then treated with or without fluoride (2 mM) for an
additional 12 h. (E) Relative level of Sirt3 mRNA. All results are presented as
means = SD of at least three independent experiments. *p <0.05, **p < 0.01. Ns, not
significant.

Figure 8. The stimulatory effect of melatonin on the Sirt3 is mediated by the ERR



binding element located between —497 bp and —490 bp upstream of the Sirt3
transcription start site. (A) Cells were transfected with Sirt3 promoter reporter
constructs. After transfection, cells were pretreated with melatonin for 2 h and then
treated with or without fluoride for an additional 12 h. Left-hand side shows the
schematic representation of the Sirt3 promoter reporter constructs. Right-hand side
shows the activities of these promoters. (B) The nucleotide sequence from human
Sirt3 gene promoter was aligned with corresponding sequences from different
species, including mouse and chimpanzee. Evolutionarily conserved elements are
indicated in large, bold. (C) Relative levels of WT and MUT Sirt3 promoter activity
in response to various treatment. Cell lysates were harvested for dual luciferase
reporter assays. (D) /n vitro binding of ERRa and Sirt3 promoter was examined by
EMSA assay using cell lysates from L-02 cells. Left: A preliminary experiment was
performed to test the binding of ERRa and WT/MUT probe. Middle: The shift band
that comprised protein and probe was regulated by fluoride and melatonin as
expected. Right: ERRa antibody was used for supershift. (E) /n vivo binding of
ERRa and Sirt3 promoter was examined by ChIP assay. Fold-enhancement was
determined by normalizing threshold cycle values of ERRo ChIP against IgG ChIP.
Data are presented as the mean + SD of three independent experiments. P < 0.05,
“P <0.01. Abbreviations: WT, wild type; MUT, mutant.

Figure 9. Melatonin activates PGC-1a via activation of PI3K/AKT signaling
pathways. (A) Dual luciferase reporter assay results of the cell signaling pathway

profiling systems. L-02 cells were transfected with reporter plasmids, as indicated



in Supplemental Table 8, followed by treatment with 40 uM Mel. (B) Relative
levels of phosphorylated-AKT and PGC-1a in L-02 cells pretreated with LY294002
(PI3K inhibitor) for 4 h, followed by incubation with 40 uM Mel. (C) Relative
levels of Sirt3 promoter activity. Data are presented as the mean = SD of three
independent experiments. P < 0.01.

Figure 10. Melatonin upregulates PGC-1a via activation of MT1. Cells were
preincubated with Luzindole (10 uM) or MT1 siRNA as described in the Materials
and Methods section. (A) The expressions of p-AKT, AKT, and PGC-1a were
measured by western blot. (B) Sirt3 promoter activity. Data are presented as the
mean = SD of three independent experiments. P <0.05, P <0.01.

Figure 11. Melatonin inhibits fluoride-induced JNK1/2 activation in mice liver and
L-02 cells. (A) The representative western blot for Bax, Bcl-2, and
phosphorylated-JNK1/2 in mice liver. (B) Caspase-3 activity in mice liver. L-02
cells pretreated with SP600125 (10 pM) for 2h, followed by incubation with
melatonin or fluoride as indicated. (C) Immunoblot analysis of
phosphorylated-JNK1/2 and JNK1/2 in. (D) Caspase-3 activity was detected. (E)
The apoptosis rate was determined by flow cytometry. Data are mean + SD; n = 6-8

or 3 different cultures. P <0.05, P <0.01.



Highlights

Melatonin reduces sodium fluoride (NaF)-induced mitochondrial superoxide level.
Inhibition of mitochondrial superoxide reduces NaF-induced Nox4 upregulation.
Melatonin mitigates NaF-induced hepatotoxicity by upregulating Sirt3.

Melatonin upregulates Sirt3 expression via activation of PI3K/AKT-PGC-1a

pathway.

Melatonin attenuates NaF-induced JNK1/2 activation.
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