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Abstract: Oxidative stress induced by fluoride (F) is associated with fluorosis
formation, but the underlying molecular mechanism remains unclear. In this study,
Melatonin pretreatment suppressed F-induced hepatocyte injury in HepG2 cells.
Melatonin increases the activity of superoxide dismutase (SOD2) by enhancing
sirtuin 3 (SIRT3)-mediated deacetylation and promotes SOD2 gene expression via
SIRT3-regulated DNA-binding activity of forkhead box O3 (FoxO3a), indicating
that melatonin markedly enhanced mROS scavenging in F-exposed HepG2 cells.
Notably, melatonin activated the peroxisome proliferator-activated receptor gamma
coactivator la (PGC-1la). PGC-1la interacted with the estrogen-related receptor
alpha (ERRa) bound to the SIRT3 promoter, where it functions as a transcription
factor to regulate SIRT3 expression. Furthermore, daily injection of melatonin for
30 days inhibited F-induced oxidative stress in mice liver, leading to improvement
of liver function. Mechanistic study revealed that the protective effects of melatonin
were associated with down-regulation of JINK1/2 phosphorylation in vitro and in
vivo. Collectively, our data suggest a novel role of melatonin in preventing
F-induced oxidative stress through activation of the SIRT3 pathway.

Introduction

Environmental fluoride (F) is a toxic reagent that can affect human health in various
ways (Taghipour et al., 2016). Small amounts of F can be used for strengthen bones
and prevention of dentals, but excessive F exposure causes a variety of pathological
changes in different cells and tissues (Fu et al., 2014). The increasing F
concentration in the environment combined with the intervention of human
activities is cause for great concern (Ameeramja et al., 2016). The liver is the
largest internal organ and the main target of F in the body. Epidemiological and
clinical data have shown that excessive sodium fluoride (NaF) exposure results in
liver damage (Chattopadhyay et al., 2011). As the cellular outcome of mitochondrial
dysfunction, oxidative stress is strongly implicated as one of the most important
mechanisms contributing to the toxic effects of NaF (Varol and Varol, 2012).

Evidence suggests that the liver is highly vulnerable to oxidative stress because of
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the accumulation of mitochondrial superoxide anion (O,") (Mahaboob Basha and
Saumya, 2013).

As the main mitochondrial deacetylase, sirtuin-3 (SIRT3) modulates various
proteins to control mitochondrial function and mitochondrial reactive oxygen
species (MROS) (Pi et al., 2015; Sundaresan et al., 2009). Mitochondrial manganese
superoxide dismutase (SOD2) is the main enzyme responsible for scavenging
harmful O, and is a substrate of SIRT3 (Kim et al., 2016; Miar et al., 2015). The
binding of SIRT3 with SOD2 causes the deacetylation and activation of SOD2 (Tao
et al., 2010). Moreover, SIRT3 can also interact with forkhead box O3a (FoxO3a) to
activate the FoxO3a-dependent antioxidant-encoding gene SOD2 (Padmaja Divya
etal., 2015).

Melatonin and its metabolites are powerful antioxidants and free radical scavengers
(Ramis et al., 2015; Siu et al., 2006). Furthermore, melatonin modulates
mitochondrial function and strengthens its antioxidant defense systems (Dragicevic
et al., 2011). These effects are facilitated by its amphiphilic nature, thereby enabling
melatonin to penetrate all morphophysiological barriers and enter all subcellular
compartments (Venegas et al., 2012). Recent studies have focused on the role of
melatonin in the regulation of mMROS levels in healthy and disease states (Acuna
Castroviejo et al., 2002). However, the mechanism by which melatonin protects
against NaF-induced hepatic oxidative injury remains obscure.

The data presented in the current report are the first to indicate that melatonin
efficiently protected against NaF-induced mitochondria-derived and O, -dependent
oxidative stress in vivo and in vitro. All these results contribute to the future clinical
treatments of F-induced hepatotoxicity.

Results

Melatonin attenuated F-induced oxidative injury in HepG2 cells via SIRT3
pathway

Firstly, we explored the effects of melatonin on F-induced hepatotoxicity in vitro.

As shown in Fig. 1A, F decreased cell viability in a time- and dose-dependent
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manner in HepG2 cells. However, melatonin pretreatment significantly attenuated
the adverse effect of F on cell viability (Fig. 1B). F treatment resulted in
significantly elevated levels of MDA, which was attenuated by melatonin (Fig. 1C).
Pre-treatment with melatonin followed by F resulted in restoration of GSH (Fig.
1D). As shown in Figs 1E and F, melatonin protected the HepG2 cells against
apoptosis. The expression of Bax was increased significantly in the cytosolic
fraction but decreased significantly in the mitochondrial fraction in HepG2 cells
when treated with F. The Bax/Bcl-2 ratio after F treatment increased in the cytosolic
fraction but significantly decreased in the mitochondrial fraction of HepG2 cells.
By contrast, melatonin pretreatment inhibited F-induced changes of Bax/Bcl-2 ratio
in the cytosolic and mitochondrial fractions.

As the main mitochondrial deacetylase, sirtuin-3 (SIRT3) modulates various
proteins to control oxidative stress response. Melatonin pretreatment significantly
recovered the reduced SIRT3 expression (Fig. 2A) and activity (Fig. 2B), which
was induced by F. Loss of SIRT3 diminished the effects of melatonin-induced the
up-regulated expression and activity of SIRT3. We found that melatonin could
protect against F-induced mitochondria-derived O, elevation (Fig. 2C) and cell
viability reduction (Fig. 2D). As shown in Fig. 2E, melatonin significantly blocked
the increase in apoptosis induced by F. Furthermore, melatonin treatment inhibited
the collapse of MMP induced by F (Fig. 2F). However, these beneficial effects of
melatonin were significantly attenuated by SIRT3 siRNA transfection. These data
suggest a SIRT3-dependent effect of melatonin on oxidative stress response in
hepatic cells exposed to F.

Moreover, HepG2 cells were also incubated with F in the presence of Mito-TEMPO
(mitochondria-targeted SOD mimetic). Treatment with Mito-TEMPO significantly
enhanced SOD?2 activity but not SOD2 protein levels (Figs. S1IA and B). The
F-induced increase in oxidative injury was significantly attenuated in the presence
of Mito-TEMPO (Figs. S1c-e).

.Melatonin inhibits mitochondria-derived O, accumulation via SOD2
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117 upregulation in HepG2 cells

118 SOD?2 is a mitochondrial antioxidant that aids in the elimination of O,"". As shown
119 in Figs. 3A and B, loss of SIRT3 diminished the effects of melatonin-induced the
120 up-regulated expression and activity of SOD2. SIRT3-mediated deacetylation of
121 SOD2 and the subsequent regulates its antioxidant activity, we further studied the
122 relationship between the influence of melatonin on SOD2 activity and SIRT3.

123 Coimmunoprecipitation pull-down (Co-IP) assay results indicated that melatonin
124 promoted the binding of SOD2 and SIRT3 in mitochondria under F exposure (Fig.
125 3C), and caused the decreased acetylation of SOD2 (Fig. 3D). SIRT3 knockdown
126 diminished the effects of melatonin on the acetylation levels of SOD2 (Fig. 3E).
127 Overexpression of SIRT3 significantly rescued F-induced suppression of SIRT3
128 expression (Fig. 4A) and activity (Fig. 4B). Moreover, overexpression of SIRT3,
129 but not SIRT3"#®Y (a catalytic mutant of SIRT3 lacking deacetylase activity),

130 decreased the expression of acetylated-SOD2 and increased SOD?2 activity in

131 HepG2 cells exposed to NaF (Figs. 4C and D). The deacetylase-deficient Sirt3

132 mutant (H248Y) completely eliminated the protective effects of SIRT3 (Figs. 4E
133 and F). These results indicate that the deacetylation of SOD2 induced by melatonin
134 is mediated by SIRT3 and melatonin enhances SOD2 activity through the

135 deacetylation of SIRT3.

136 Melatonin increased SOD2 expression via the interaction of SIRT3 with

137 FoxO3a.

138 As shown in Fig. 5A, melatonin pretreatment had little influence on the total protein
139 level of FoxO3a in F-treated HepG2 cells. Treatment of HepG2 cells with F caused
140 increased the phosphorylation of FoxO3a at serine 253 (Fig. 5B) and the acetylation
141 of FoxO3a at the K-100 lysine (Fig. 5C). Both events prevented nuclear import,
142 thereby leading to its inactivation. Melatonin pretreatment decreased the

143 phosphorylation at Ser253 and comparably increased FoxO3a deacetylation. Loss
144 of SIRT3 diminished the effects of melatonin on the deacetylation and

145 phosphorylation of FoxO3a. SIRT3 and FoxO3a functionally and physically interact
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to form a complex that regulates the activity and acetylation status of FoxO3a. Our
results showed that melatonin promoted the interaction of FoxO3a with SIRT3 in
mitochondria (Fig. 5D). Moreover, the FoxO3a-luciferase reporter gene assay
indicated that melatonin increased the transcriptional activity of FoxO3a. When the
cells were co-transfected with the pGL-FHRE-luc plasmid and SIRT3 siRNA, the
regulative activities of melatonin were abolished (Fig. 5E). The ChIP assay was
then performed to investigate the role of FoxO3a in the melatonin-induced SOD2
expression of FoxO3a. In the ChIP assay, melatonin promoted the binding of
FoxO3a to the promoter of SOD2 (Fig. 5F) under F exposure.

3H248Y restored

The manipulation of SIRT3 expression, but not that of SIRT
activation of FoxO3a by decreasing phosphorylation at Ser253 (Figs. 6A and B)
and comparably increasing FoxO3a deacetylation (Fig. 6C). Overexpression of
SIRT3 increased the transcriptional activity of FoxO3a (Fig. 6D) and restored the
F-induced reduction FoxO3a binding to the gene promoter of SOD2 (Fig. 6E).
Melatonin activated the PGC-1a/ERRa-SIRT3 signaling pathway in HepG2
cells

Next, we sought to determine which factor mediates the expression of SIRT3. As
shown in Figure. 7A, SIRT3 expression was regulated at the transcription level.
SIRT3 was previously reported to be regulated by PGC-1a. So we examined
PGC-1a expression with western blotting and found that PGC-1a was changed with
a similar change pattern of SIRT3 expression (Fig.2B). PGC-1a siRNA transfection
prevented the induction of SIRT3 expression in HepG2 cells, thereby indicating that
PGC-1a was required for the activation of melatonin during SIRT3 expression.
Since ERRa acts as the downstream target of PGC-1a and is co-activated by this
transcriptional coactivator. Here we found that PGC-1a interacted with ERRa in
HepG2 cells (Fig. S2A). Knockdown of ERRa or PGC-1a decreased SIRT3
expression and cotransfection of ERRa sSiRNA and PGC-1a siRNA could decrease
more expression of SIRT3 (Fig. S2B), while overexpression of PGC-1a or ERRa

increased SIRT3 expression and cotransfection of PGC-1a and ERRa could
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increase more expression of SIRT3 (Fig. S2C). These results indicate that PGC-1a.
and ERRa coordinately regulate SIRT3 expression in HepG2 cells. Furthermore,
the luciferase assay was used to determine if SIRT3 mRNA activation by melatonin
occurred via PGC-1la-dependent ERRa binding to the SIRT3 promoter. As shown in
Fig. 7C, F exposure caused a significant decrease in the luciferase activity as
compared with the control group. By contrast, melatonin pretreatment significantly
increased the ERRE-mediated SIRT3 transcriptional activity, whereas this effect
was diminished by the addition of PGC-1o. SiRNA.

The EMSA assay was further performed to test the in vitro binding of ERRa and
SIRT3 fragments. A preliminary experiment was performed to test the binding of
probe (Fig. 7D-1). As shown in Fig. 7D-2, a band in the lane loaded with WT probe
and lysates was shifted as compared with lysates alone. The protein—probe binding
was regulated by F and melatonin. Moreover, a specific super-shift band was
detected with the ERRa antibody, thereby indicating that ERRa was bound to the
probe (Fig. 7D-3). The results of EMSA also showed that melatonin increased the
binding of the exogenous consensus DNA oligonucleotide of SIRT3 with ERRa. To
further confirm the EMSA results and verify that ERRa physically occupies the
SIRT3 promoter, we performed the ChIP assay. As shown in Fig. 7E, a 3.6-fold
enrichment of ERRa was observed.

Melatonin attenuated F-induced JNK1/2 activation in mice liver

Furthermore, we also investigate whether melatonin could prevent F-induced
oxidative stress in mice liver. Significant accumulation of F was observed in
F-toxicated mice liver (Fig. S3A). Liver functions were also measured based on
changes in the hepatic markers ALT and AST. The results showed that the serum
activities of ALT and AST were significantly increased in the F group when
compared with the control group (Figs. S3B and C). This result confirmed that
F-toxicity model had been successfully established. Melatonin supplementation
caused a significant reduction in the accumulated F-content and the serum activities

of ALT and AST. Moreover, Melatonin treatment successfully attenuated the
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F-induced upregulation of O, and MDA content (Figs. S3D and E). Moreover,
GSH level were decreased significantly in F-toxicated mice livers, which was
reversed by melatonin (Fig. S3F).

Since apoptosis plays an important role in the pathogenetic mechanisms involved in
fluorosis. NaF treatment increased caspase-3 activity (Fig. 8A), an indicator of
apoptosis, and decreased the protein levels of Bcl-2 (Fig. 8B), an important
anti-apoptotic factor in mice liver. Pretreatment with melatonin attenuated
caspase-3 activity and increased Bcl-2 protein expression in NaF-treated mice liver.
Activation of mitogen-activated protein kinase (MAPK) has been implicated in
F-induced apoptosis and they are sensitive to oxidative stress, Western blot showed
that the melatonin significantly reduced the phosphorylation of INK1/2 in
F-exposed mice liver.

To further address the involvement of INK1/2, HepG2 cells were pretreated
melatonin or SP600125 (a potent JNK1/2 inhibitor). Our results showed that
F-induced JNK1/2 activation in HepG2 cells, which was significantly reduced by
melatonin or SP600125 (Fig. 8C). In addition, caspase-3 activity were reduced in
F-treated HepG2 cells following pretreatment with melatonin or JNK inhibitor (Fig.
8D).

DISCUSSION

Oxidative stress from excessive mROS plays an important role in the pathogenesis
of F-mediated cytotoxicity (Chouhan and Flora, 2008; Gao et al., 2008). SOD2 is
crucial for maintaining the mitochondria-derived O, balance (Li et al., 2004). In
the present study, SOD2 expression and activity were significantly reduced in
NaF-treated HepG2 cells. Pretreatment with melatonin promotes SOD?2 activity and
expression, thereby protecting liver cells from mROS induced oxidative stress
under excessive F exposure. Moreover, treatment with the mitochondria-targeted
antioxidant Mito-TEMPO alleviated cellular oxidative stress and increased cell
viability. The maintenance of mitochondria-derived O, at tolerable levels may be a

viable strategy to treat F-induced cellular damage.
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Oxidative stress is the cellular outcome of mitochondrial dysfunction. The MMP is
a measure of mitochondrial function (Gong et al., 2014). The diminished membrane
potential in the present study is consistent with previous findings in fluorosis (Yan
et al., 2015). Moreover, mitochondrial dysfunction was further aggravated by the
down regulation of SOD2 which is critical for maintaining mitochondrial oxidative
balance. As the primary mitochondrial deacetylase, SIRT3 regulates the biological
functions directly involved in mitochondrial function and oxidative stress response
(Ansari et al., 2016; Qiu et al., 2010). SIRT3 also has a positive role in maintaining
the MMP (Zhou et al., 2014). Melatonin treatment ameliorates mitochondrial
oxidative stress by scavenging for enhanced mROS and improving the
mitochondrial function.

SOD?2 is a substrate of SIRT3 in mitochondria; the binding of SIRT3 with SOD2
causes SOD2 deacetylation, thereby enhancing the mitochondrial scavenging
capacity (Chen et al., 2011; Qiu et al., 2010). Our current findings indicate that
melatonin promotes SOD2 deacetylation in mitochondria, which was suppressed by
SIRT3 siRNA transfection. Furthermore, a catalytic mutant of SIRT3 (SIRT3"24%"),
which lacks deacetylase activity, failed to reverse the F-induced increase in
mitochondria-derived O, . Therefore, SIRT3 activates SOD2 via its deacetylase
activity to inhibit O, accumulation.

SIRT3 directly targets SOD2 and promotes SOD?2 transcription by FoxO3a
activation, thereby protecting cells from cellular oxidative stress (Du et al., 2013;
Wei et al., 2015). Nuclear localization of FoxO3a is essential for its transcriptional
activity and the transcription of FoxO3a-dependent genes (Calnan and Brunet, 2008;
Tseng et al., 2013). In the present study, F treatment increased FoxO3a
phosphorylation at Ser253, thereby inactivating FoxO3a and preventing its nuclear
import to inactivate HepG2 cells. Melatonin promotes the interaction of FoxO3a
with SIRT3 and enhances FoxO3a deacetylation in the mitochondria; thus the
translocation of FoxO3a from mitochondria to nucleus is promoted, thereby causing

its complex influence on SOD?2 transcription, which controls mitochondria-derived
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O;"". Collectively, our findings indicate that melatonin enhances SOD2 expression
by promoting SIRT3-regulated FoxO3a transcriptional activity under excessive F
exposure.

Melatonin-induced SIRT3 activation plays a pivotal role in protecting against
F-induced oxidative stress. The transcriptional coactivator PGC-1a is a crucial
regulator in mitochondrial biogenesis, energy generation, and oxidative stress
response (Houten and Auwerx, 2004; Millay and Olson, 2013). Furthermore, a
current study indicated that PGC-1a stimulated mouse SIRT3 activity in both
hepatocytes and muscle cells, indicating that PGC-1a acts as an endogenous
regulator of SIRT3 (Park et al., 2012). Recent work highlights the key role of
PGC-1a in melatonin-regulated hepatic mitochondrial health. Our study is the first
to reveal that melatonin activates SIRT3 mRNA transcription via a
PGC-la-dependent signaling pathway. PGC-1a interacts with the SIRT3
transcription factor ERRa as a transcriptional coactivator for the expression of
SIRT3 in F-induced liver cells injury.

Oxidative stress have been demonstrated to activate a variety of signaling pathways,
among which ERK1/2 and JNK1/2 have been implicated in F-induced apoptosis
(Geng et al., 2014). Here, melatonin pretreatment prevented JNK1/2 activation
induced by F in vivo and in vitro. Inhibition of JNK1/2 prevented F-induced
apoptosis. Thus, blocking JNK1/2 signaling may represent a potential mechanism
underlying the protection of melatonin.

In summary, we obtained evidence for the first time to demonstrate mROS
inhibition by melatonin reduces F-induced oxidative stress via SIRT3 upregulation
in HepG2 cells. Melatonin enhances SOD?2 activity by promoting SIRT3-mediated
deacetylation, but also increases SOD2 expression by increasing the transcriptional
activity of FoxO3a. Our results further highlight the potential importance of
melatonin in SIRT3-mediated mMROS homeostasis, thereby illustrating a novel
molecular mechanism of melatonin to be explored for future clinical treatment of

F-induced hepatotoxicity.
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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.

Chemicals and reagents

All chemicals and reagents were obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA) unless otherwise stated. Antibodies against Bax, Bcl-2, GAPDH,
B-actin, COX IV, SOD2, SIRT3, acetylated-lysine, ERRa, and c-Jun NH2-terminal
kinase-1/2 (JNK1/2) were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against FoxO3a, phospho-FoxO3a (Ser 253), and PGC-1o. were
obtained from Abcam (Cambridge, UK).

Cell culture and treatment

HepG2 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, USA). The HepG2 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. Cells were pretreated with 40 uM melatonin for 2 h, washed,
and treated with or without NaF (2 mM) for an additional 12 h. Experimental
protocol are described in more details in Supporting information.

Cell viability

Cell viability was analyzed using Cell Counting Kit-8 (Beyotime, Jiangsu, China).
The absorbance was obtained with a microplate reader (Epoch, BioTek, Luzern,
Switzerland) set at a wavelength of 450 nm.

Assay of biochemical makers of oxidative stress

The concentrations of malondialdehyde (MDA) and glutathione (GSH), and the
activity of SOD2 were assayed by commercial assay kits purchased from Nanjing

Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).
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Apoptosis analysis

Cell apoptosis was detected with the Annexin VV—fluorescein isothiocyanate (FITC)
Apoptosis Detection kit (Beyotime) and analyzed on the BD LSR Il flow cytometry
system (Becton Dickinson, Franklin Lakes, NJ, USA).

Isolation of cytosolic and mitochondrial fractions

Mitochondrial fractions were immediately extracted with the Cytosolic and
Mitochondria Isolation Kit (Beyotime). Protein concentrations were determined
with the BCA Protein Assay Kit (Pierce Biotech, Rockford, IL, USA).
Immunoblot analysis

Immunoblot analysis was performed as described in the protocols provided by the
primary antibody suppliers.

SIRT3 activity

Protein was extracted with a mild lysis buffer (50 mM Tris-HCI, pH 8; 125_/mM
NaCl; 1. mM DTT; 500mM MgCly; 111mM 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 O, assessment

Mitochondrial O, generation was assessed in HepG2 cells by 10 uM MitoSOX
(Molecular Probes, CA, USA) for 20 min at 37 °C. The fluorescence intensity was
measured with an Infinite™ M200 Microplate Reader (Tecan, Mannedorf,
Switzerland) at excitation and emission wavelengths of 492 and 595 nm,
respectively.

RNA interference

The siRNA targeting SIRT3 and PGC-1a were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Cells were transfected with the
non-targeted control siRNA to target small interfering RNAs for 6 h according to

the manufacture's protocol. At 24 h after transfection, cells were harvested for
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349 further experiments.

350 Mitochondrial membrane potential (MMP)

351 MMP was detected with the fluorescent, lipophilic dye, JC-1 (BioVision, Milpitas,
352 CA, USA) as previously described (Ye et al., 2011).

353 Immunoprecipitation (IP)

354 IP was conducted according to previously described methods (Lai et al., 2013) with
355 a few modifications. Lysates were clarified by centrifugation at 14,000xg for 15
356 min and adjusted to the same protein concentration with the respective lysis buffer
357 for IP. Briefly, protein extracts were incubated overnight at 4 °C with the

358 anti-SIRT3, SOD2 or FoxO3a antibody before fresh protein A/G-conjugated beads
359 (Santa Cruz) were added and rotated overnight at 4 °C. Finally, the beads were

360 washed thrice with the same lysis buffer, eluted with the sample loading buffer, and
361 subjected to immunoblot analysis.

362 Plasmids and transfection

363 SIRT3 cDNA was cloned from HepG2 cells and inserted into the EcoRI/Xhol site
364 of the vector pIRES-hrGFP-1a. The mutant of SIRT3 (H248Y) was generated with
365 the Quick Change Site-directed Mutagenesis Kit (Stratagene, Santa Clara, CA,

366 USA). Cells were washed after 24 h of transfection and processed for further

367 studies. All the primers used for plasmids construction are listed in Supporting

368 Information Table S1.

369 Immunofluorescence staining

370 Cells were fixed with 4% formaldehyde, permeabilized with 0.5% Triton X-100,
371 washed with PBS, blocked for 1 h with 10 % bovine serum albumin, and incubated
372 with rabbit monoclonal anti-pFoxO3a (S253) overnight at 4 °C. The cells were then
373 washed and incubated with FITC- conjugated secondary antibodies (Santa Cruz) for
374 1 h at room temperature, and nuclei were revealed with DAPI (10 mg/ml,;

375 Sigma—Aldrich Co., St. Louis, MO). The stained cells were observed by

376 fluorescence microscopy (Nikon, Tokyo, Japan).

377 Luciferase reporter assay
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Luciferase measurements were performed with the dual luciferase reporter (DLR)
Assay System (Promega, Madison, WI, USA). pGL-FHRE-Luc (reporter plasmid
for FoxO3a) and pGL-ERRE-Luc (reporter plasmid for ERRa) plasmids were
obtained from Addgene (Cambridge, MA, USA). Briefly, cells were transfected
with 2 ug 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).

Quantitative Real-time PCR (gqPCR) 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 Supporting Information Table
S2. Results were normalized to levels of GAPDH mRNA and expressed as the fold
change (2724%).

Chromatin immunoprecipitation assay (ChIP)

A ChlIP assay was performed with the Pierce Agarose ChIP Kit as previously
described (Wu et al., 2014). 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 or ERRa. were used
for IP. The ChIP enrichment was determined with an ABI StepOnePlus PCR system
(Applied Biosystems). Primer sequences used for ChIP-qPCR are listed in
Supporting Information Table S3.

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. Primer sequences used for EMSA are listed in Supporting
Information Table S4.

Animal studies

A total of 40 two-mo-old Kunming mice were purchased from the experimental
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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.

Animals were randomly divided into four groups of 10 each. Group 1 (Control):
Mice was provided distilled water and received daily injection vehicle for 30 days.
Group 2 (Mel): Mice were received daily injection of melatonin alone (5 mg/kg/day;,
i.p.) for 30 days (San-Miguel et al., 2015). Group 3 (F): Mice were supplied with
120 mg/L NaF in deionized water and received daily injection vehicle for 30 days
according to our previous study (Fu et al., 2014). Group 4 (Mel + F): Mice were
administrated with 120 mg/L NaF in drinking water and received daily injection of
melatonin for 30 days. After treatment, the F concentration in the liver was
estimated with an ion-sensitive electrode, as previously described (Zhou et al.,
2013). Values were expressed as pg F per g dry tissue.

The livers were homogenized in nine fold (w/v) cold normal saline using an
automatic homogenizer, and centrifuged at 1500xg 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).

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.
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Figure Legends

FIGURE 1 Melatonin inhibited NaF-induced hepatic injury in HepG2 cells. (A)
Cells were treated with NaF 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 NaF (2 mM) for an additional 12 h. Cell viability was
determined. (C) GSH level. (D) MDA content. (E) Representative images of flow
cytometric analysis by Annexin V-FITC/PI dual staining. (F) The ratio of
Bax/Bcl-2 in the cytosolic fraction and mitochondrial fraction. All results are
representative of three independent experiments and values are presented as means
+SD. "p < 0.05, “'p < 0.01 versus the control group, *p < 0.01 vs. the F group.
FIGURE 2 Melatonin protected against NaF-induced oxidative injury via
SIRT3 pathway. Cells were transfected with SIRT3 siRNA. At 24-h

post-transfection, cells were pretreated with melatonin (40 uM) for 2 h and then
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465 treated with or without NaF of 2 mM for an additional 12 h. SOD2 expression (A)
466 and activity (B), the mitochondrial O,¢~ levels (C), cell viability (D), apoptosis (E),
467 and MMP (F) were determined, respectively. The scale bar is 50 um. All results are
468 presented as means + SD of at least three independent experiments. ‘p < 0.05, " p <
469 0.01 versus siNC + control group, *p < 0.01 versus the siNC + F group, **p < 0.01
470 versus the siNC+ Mel + F group.

471 FIGURE 3 Melatonin increased mROS scavenging by stimulating

472 SIRT3-mediated SOD2 deacetylation. Cells were transfected with SIRT3 siRNA.
473 At 24-h post-transfection, cells were pretreated with melatonin (40 uM) for 2 h and
474 then treated with or without NaF of 2 mM for an additional 12 h. (A) SOD2

475 expression. (B) SOD2 activity. (C) SOD2 was immunoprecipitated using SIRT3
476 antibody. (D) acetylated-SOD2 (Ac-SOD2) was immunoprecipitated using SOD2
477 antibody. (E) Ac-SOD2 was immunoprecipitated in SIRT3-deficient HepG2 cells.
478 All results are representative of three independent experiments. ~p < 0.01 versus
479 siNC + control group, *p < 0.01 versus the siNC + F group, **p < 0.01 versus the
480 SiNC+ Mel + F group.

481 FIGURE 4 SIRT3 deacetylase deficiency does not affect SOD2 acetylation and
482 oxidative injury in F-treated HepG2 cells. Cells were transfected with SIRT3
483 expression constructs (WT or H248Y) followed by exposure to NaF (2 mM) for 12
484 h. (A) SIRT3 expression, (B) SIRT3 activity. (C) Acetylation of SOD2 was

485 determined by immunoprecipitation. (D) SOD2 activity. (E) Mitochondrial-derived
486 O, production. (F) Cell viability. "p < 0.01 versus scramble + F group, *p < 0.01
487 versus the SIRT3 + F group.

488 FIGURE 5 Melatonin regulated the expression of SOD2 through the

489 interaction of SIRT3 with FoxO3a in mitochondria. (A) Mitochondria were

490 isolated after treatment and subjected to western blot analysis for FoxO3a. (B and C)
491 Expressions of p-FoxO3a and FoxO3a acetylation at lysine-100 residue. (D)

492 FoxO3a was immunoprecipitated using a SIRT3 antibody. (E) Cell lysates were

493 harvested for dual luciferase report assays. (F) ChIP analysis was used to examine


https://doi.org/10.1101/107813
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/107813; this version posted February 11, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

under aCC-BY 4.0 International license.

the binding of FoxO3a to the SOD2 promoter. Data are presented as the mean + SD
of three independent experiments. 'P<0.05, ~P<0.01 versus the Control group.
FIGURE 6 SIRT3 deacetylase deficiency does not affect SOD2 expression and
in F-treated HepG2 cells. Cells were transfected with SIRT3 expression constructs
(WT or H248Y) followed by exposure to NaF (2 mM) for 12 h. (A and B) The
expression of pFox03a, FoxO3a, and SOD2. (C) FoxO3a acetylation at lysine-100
residue was examined. (D) Cell lysates were harvested for dual luciferase report
assays. (E) Binding of FoxO3a to SOD2 was examined using ChIP assay. The scale
bar is 50 um. Data are presented as the mean + SD of three independent
experiments. “"P<0.01 versus the F + Scramble group, **P<0.01 versus the F +
SIRT3 group.

FIGURE 7 Melatonin activated PGC-1a/ERRa-SIRT3 signaling pathway in
HepG2 cells. Cells were transfected with PGC-1a sSiIRNA. At 24-h post-transfection,
cells were pretreated with melatonin (40 uM) for 2 h and then treated with or
without NaF of 2 mM for an additional 12 h. (A) SIRT3 mRNA level. (B) The
expression of PGC-1a and SIRT3. (C) ERRa luciferase reporter plasmid was
transfected into HepG2 cells. Luciferase activity was determined. (D) In vitro
binding of ERRa and SIRT3 promoter was examined by EMSA assay. (E) In vivo
binding of ERRa and SIRT3 promoter was examined by the ChIP assay. Data are
presented as the mean + SD of three independent experiments. 'p < 0.05, "p < 0.01
versus the siNC + control group; “p < 0.05, *p < 0.01 versus the siNC + F group,
and *p < 0.05 versus the siNC +Mel + F group. Abbreviation: WT, wild-type; MUT,
mutation; Ab, antibody.

FIGURE 8 Melatonin inhibited JNK1/2 activation in mice liver. (A) Caspase-3
activity (H). (B) The representative western blot for Bax, Bcl-2, INK1/2 in mice
liver. (C) Immunoblot analysis in HepG2 cells. (D) Caspase-3 activity was
determined in HepG2 cells. Data are mean + SD; n = 6-8. 'p < 0.05 or 3 different

cultures., “'p < 0.01 versus the control group, *p < 0.05, *p < 0.01 versus the F

group.
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Abbreviations: Sodium fluoride, NaF; Melatonin, Mel; Mitochondrial reactive
oxygen species, mROS; Mitochondrial manganese superoxide dismutase, SOD2;
Peroxisome proliferator-activated receptor gamma coactivator 1o, PGC-1q;
Estrogen-related receptor alpha, ERRa; Malondialdehyde, MDA; Glutathione, GSH;
Chromatin immunoprecipitation assay, ChIP; Electrophoretic mobility shift assay,
EMSA. Alanine aminotransferase, ALT; Aspartate aminotransferase, AST; d c-Jun

NH2-terminal kinase-1/2, INK1/2; WT, wild-type; MUT, mutation; Ab, antibody.
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