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ARTICLE INFO ABSTRACT

Keywords: The dysregulation of ROS production and osteoclastogenesis is involved in the progress of osteoporosis. To
Nrf2 identify novel and effective targets to treat this disease, it is important to explore the underlying mechanisms. In

Osteoclastogenesis our study, we firstly tested the effect of the Nrf2 activator RTA-408, a novel synthetic triterpenoid under clinical
}S)\;I[I\\I 208 investigation for many diseases, on osteoclastogenesis. We found that it could inhibit osteoclast differentiation

and bone resorption in a time- and dose-dependent manner. Further, RTA-408 enhanced the expression and
activity of Nrf2 and significantly suppressed RANKL-induced reactive oxygen species (ROS) production. Nrf2
regulates the STING expression and STING induces the production of IFN-f. Here, we found that RTA-408 could
suppress STING expression, but that it does not affect Ifnb1 expression. RANKL-induced degradation of IkBa and
the nuclear translocation of P65 was suppressed by RTA-408. Although this compound was not found to in-
fluence STING-IFN- signaling, it suppressed the RANKL-induced K63-ubiquitination of STING via inhibiting the
interaction between STING and the E3 ubiquitin ligase TRAF6. Further, adenovirus-mediated STING over-
expression rescued the suppressive effect of RTA-408 on NF-kB signaling and osteoclastogenesis. In vivo ex-
periments showed that this compound could effectively attenuate ovariectomy (OVX)-induced bone loss in
C57BL/6 mice by inhibiting osteoclastogenesis. Collectively, we show that RTA-408 inhibits NF-kB signaling by
suppressing the recruitment of TRAF6 to STING, in addition to attenuating osteoclastogenesis and OVX-induced
bone loss in vivo, suggesting that it could be a promising candidate for treating osteoporosis in the future.

1. Introduction

Osteoclasts have been reported to play a crucial role in balancing
bone formation and bone resorption under physiological conditions.
However, many diseases result from the excessive activation of osteo-
clastogenesis, including osteoporosis and rheumatoid arthritis [1,2].
Thus, it is of great importance to fully clarify the mechanisms under-
lying osteoclast differentiation to understand the etiology of these dis-
eases. Further, it is necessary to develop novel therapies to treat these
diseases, considering currently used drugs have various side effects
[3-5].

Osteoclast differentiation is initiated by the stimulation of receptor
activator of nuclear factor-xB ligand (RANKL) and macrophage-colony

stimulating factor (M-CSF) [6]. RANKL associates with its receptor
RANK and then activates downstream signaling pathways such as the
NF-kb, mitogen-activated protein kinase (MAPK), and AKT, which in-
duces osteoclast-related gene expression. Moreover, nuclear factor of
activated T-cellsl (Nfatcl) and c-FOS are master regulators of osteo-
clastogenesis and activate the expression of genes that are crucial for
osteoclast differentiation and function [7]. Regarding NF-kb signaling,
RANKL promotes the polyubiquitination of TNF receptor associated
factor 6 (TRAF6) on lysine 63 (Lys63) and subsequently activates the
phosphorylation of IKK, the degradation of IxB, phosphorylation of the
NF-kB/Rel complex, and the nuclear translocation of P65 [8]. The ac-
tivity of TRAF6 is regulated by ubiquitination, and this protein also
functions as a ubiquitin ligase to promote Lys63 polyubiquitination on
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Abbreviations Nqo-1 NAD(P)H quinone oxidoreductase 1
ovX ovariectomy
BMMs  bone marrow macrophages RANKL receptor activator of nuclear factor-xB ligand
BV/TV  bone volume/tissue volume ROS reactive oxygen species
Gcle glutamate-cysteine ligase, catalytic Tb.N trabecular number
HO_1 heme oxygenase-1 Tb.Sp trabecular separation
M-CSF  macrophage-colony stimulating factor Tb.Th trabecular thickness
MAPK  mitogen-activated protein kinase TBST tris-buffered saline-tween 30
Nfatcl  nuclear factor of activated T-cellsl TRAF6  TNF receptor associated factor 6
Nrf2 nuclear factor-erythroid 2-related factor 2 ZOL zoledronic acid

target proteins and itself during NF-«B signaling [9]. Proteins exhibiting
Lys63 polyubiquitination could thus be activated to mediate down-
stream signaling events such as kinase activation or DNA repair
[10,11].

Studies have demonstrated that reactive oxygen species (ROS) are
produced during RANKL-induced osteoclastogenesis and have a role in
the differentiation and bone resorption of osteoclasts [12]. These gen-
erated ROS can induce the activation downstream signaling pathways
such as NF-xb and MAPK, which are involved in osteoclastogenesis
[13]. Many antioxidants, for example acetylcysteine, lycopene, and
curcumin, have been proven to inhibit osteoclast formation and bone
resorption by decreasing ROS [14,15]. Further, the regulation of un-
balanced ROS production could be a future target for the treatment of
osteoclast-related diseases. Nuclear factor-erythroid 2-related factor 2
(Nrf2) is known as a redox-sensitive basic leucine zipper transcription
factor that regulates the expression of many antioxidant and phase II
detoxifying enzymes, as well as the production of ROS by binding a cis-
acting enhancer sequence termed the antioxidant response element
[16]. Studies have shown that Nrf2 overexpression inhibits osteoclas-
togenesis, whereas Nrf2 deficiency induces this process [17].

STING (also known as Tmem173) functions as a sensor of cytosolic
DNA from bacteria and viruses and promotes the production of type I
interferon during innate immune signaling [18]. Recently, one study
indicated that Nrf2 negatively regulates STING signaling, which links
antiviral sensing and metabolic reprogramming [19]. This protein also
induces the expression of type I interferons (such as IFN-f3) via the Tbk1
(TANK binding kinase 1)/Irf3 (interferon regulatory factor 3) signaling
pathway and regulates the expression of inflammatory factors such as
TNF-a and IL-6 via NF-xB signaling [20-22]. In addition, one study
demonstrated that TRAF6-mediated assembly of K63-linked ubiquitin
chains on STING activates NF-kB signaling during the DNA damage
response [23]. Moreover, STING was found to be closely related to the
pathology and clinical manifestations of various diseases. Recent stu-
dies have tended to focus on tumors and autoimmune diseases [24-26].
And although STING signaling is involved in abnormal bone formation
in DNasell-knockout mice, its role in regulating osteoblasts and osteo-
clasts has not been clearly elucidated [27].

RTA-408 is a novel synthetic oleanane triterpenoid compound. It is
currently under clinical investigation for the prevention of radiation-
induced dermatitis in breast cancer patients undergoing radiotherapy
(ClinicalTrials.gov Identifier: NCT02142959) [28], the treatment of
solid tumors including melanoma and lung cancer (ClinicalTrials.gov
Identifier:NCT02029729) [29],intervention of Friedreich's Ataxia
(ClinicalTrials.gov Identifier:NCT02255435) and mitochondrial myo-
pathies (ClinicalTrials.gov Identifier: NCT02255422) [30,31]. Previous
studies have demonstrated that RTA-408 has significant cytoprotective
effects based on its ability to activate the Nrf2 pathway [32]. A recent
study also demonstrated that the neuroprotective and disease-mod-
ifying effects of RTA-408 could be attributed to Keap1 inhibition [33].
Above all, these results indicate the promising future for RTA-408 in
treating the human diseases.

As the effect of RTA-408 on osteoclastogenesis had not been in-
vestigated, here, we performed in vitro experiments to test its effect on

osteoclastogenesis, in addition to establishing an ovariectomy (OVX)-
induced osteoporosis model using C57BL/6 mice to demonstrate its
protective function for the treatment of this condition.

2. Materials and methods
2.1. Reagents

oaMEM (The alpha modification of Eagle's medium), DMEM, peni-
cillin/streptomycin, and fetal bovine serum (FBS) were purchased from
Gibco-BRL (Gaithersburg, MD, USA). RTA-408 was purchased from
MCE (MedChemExpress, NJ, USA). RTA-408 was dissolved in DMSO
(0.5%w/v) and stored in —20°C. The RTA-408 was then diluted by
aMEM before cell culture to ensure the DMSO was less than 0.1% to the
total culture medium. Antibodies specific for STING (ab92605), TRAF6
(ab33915),IKKp(ab124957),P-IKKfB(ab194519),Nfatcl  (ab25916),c-
FOS(ab208942),Ubiquitin (ab179434) and Nrf2(ab137550) were pur-
chased from Abcam (Cambridge, MA, USA). P65 (#8242), ixBa
(#4814), phospho-P65 (#3033), phospho-ikBa (#2859) and Nucleolin
(#14574) were purchased from CST (Danvers,MA,USA). TRAF6 (sc-
8409), GAPDH (sc-32233) and B-actin (sc-70319) was purchased from
Santa Cruz (Texas,USA). STING (PA5-86967) was purchased from
Invitrogen (Carlsbad, CA, USA). The dilution of antibody was 1:1000
unless noted. TransAM Nrf2 Kit was purchased from Active Motif
(Shanghai China). Recombinant mouse M-CSF (macrophage colony-
stimulating factor) and mouse RANKL (receptor activator of nuclear
factor kB ligand) were purchased from R&D Systems (Minneapolis, MN,
USA). pNFkB-luc was obtained from Beyotime Institute of
Biotechnology (Shanghai, China). RNA interference was purchased
from GenePharma (Shanghai China). And adenovirus mediated STING
(ADV-274453) and Nrf2(ADV-265711) was purchased from vector
biolabs (Malvern, Pennsylvania,USA). CCK-8 assay was purchased from
Dojindo Molecular Technology (Kumamoto, Japan). All other chemicals
used were of analytical grade.

2.2. Mouse BMMs preparation and osteoclast differentiation

Primary BMMs were collected from the bone marrow of 6-week-old,
male C57BL/6 mice as described previously [34]. Briefly, mice were
executed and the femoral and tibial were collected. Cells were then
isolated from bone marrow using syringe and cultured in the a-MEM
with 1% penicillin/streptomycin, 10%FBS and 30ng/ml M-CSF for
about 4 days until the cells reaching about 90% confluence to obtain
the BMMs. To generate osteoclasts (OCs), BMMS were further cultured
at the density of 8 x 10%/well in 96-well plate in the presence of 30 ng/
ml M-CSF and 50 ng/ml RANKL. Medium was then changed every 2-3
days until formation of mature osteoclasts. Then the formation of os-
teoclasts were evaluated using TRAP-staining (Sigma—Aldrich, St. Louis,
MO, USA) according to the previous study [35].

2.3. Mouse BMSC preparation and osteoblast differentiation

Primary mouse BMSC was collected from the bone marrow of 6-
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week-old, male C57BL/6 mice as described previously [36]. Briefly,
mice were executed and the bone marrow were isolated from the fe-
moral and tibial. The obtained cell suspension was then cultured in the
a-MEM with 1% penicillin/streptomycin with 10%FBS. Upon cells
grew into about 90% confluence, the cell supernatant was removed and
cell were passaged. The cells at the second passage were selected for
osteoblast differentiation.

As for the osteoblast differentiation, BMSC was cultured in the os-
teogenic medium containing 10 mM [-glycerophosphate, 0.1 uM dex-
amethasone and 0.05 mM ascorbic acid. After cells were cultured for 7
and 14 days, ALP staining (CWBIO, Beijing, China) and ALP activity
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was car-
ried out to detect the osteogenic effect according to the previous study
[37]. And Alizarin red staining (Sigma-Aldrich, St Louis, MO) was
carried out when cells were cultured for 14 days.

2.4. Cell viability assay

BMMs and BMSC were obtained as above. BMMs and BMSC were
cultured in DMEM with 1% penicillin/streptomycin and 10%FBS.Cells
were then seeded in a 96-well plate at the density of about 10*/well for
24 hin triplicate in the presence of 30 ng/ml M-CSF. The mediums were
then changed and supplemented with various concentrations of RTA-
408 (varying from 0-100 nM). 24 h and 48 h later, 10 pL of CCK-8 buffer
(Dojindo Molecular Technology, Kumamoto, Japan) was added into the
each well. Cells were incubated for another 2 h. Cell viability was then
assessed to detect the absorbance at 450 nm (650 nm reference) using
an ELX800 microplate reader (Bio-Tek Instruments, Winooski, VT, USA)
[38].

2.5. Resorption pit assay

Bone resorption analysis was carried to test the function of osteo-
clast. Briefly, BMMs were cultured at a density of about 8 x 10 cells/
well onto bovine bone slices in a 96-well plate with three replicates.
BMMs were then stimulated in the presence of 50ng/mL RANKL,
30 ng/mL M-CSF for 7 days to generate mature osteoclast. Medium was
then changed and added with different dose of RTA-408. Cells were
then cultured for another 5-7 days. After brushing the cells on the
surface of slices, bovine bone slices were collected. Resorption pits in
bovine bone slices were then visualized under a scanning electron mi-
croscope (FEI Instr. Hillsboro, OR, USA) and quantified using Image J
software (National Institutes of Health, Bethesda, MD, USA) [38].

2.6. Detection of ROS production

Intracellular ROS levels were measured with a ROS assay kit
(Beyotime, Shanghai, China). After washed and centrifugation, cells in
the different groups were treated with a fluorescent probe (2 pM DCFH-
DA), and incubated at room temperature for 20mins. Fluorescence in-
tensity was measured by flow cytometry using excitation/emission
wavelengths of 488/525 nm. And the mean fluorescence intensity was
quantitative analyzed [39].

2.7. Quantitative real-time PCR

The cultured cells from different groups were washed three times
with cold PBS and lysed with TRIzol reagent (Invitrogen, Carlsbad, CA)
to obtain RNA, according to the manufacturer's protocol. The extracted
RNA was then reverse-transcribed to obtain cDNA. The cDNA was used
for quantitative real-time PCR, which was performed with an ABI Prism
7500 system (Applied Biosystems, Foster City, CA, USA) using the fol-
lowing cycling conditions: 95 °C for 10 min, followed by 35 cycles at
95 °C for 15 s and 60 °C for 1 min, and a final step at 4 °C for 10 min. The
reaction consisted of 20 pl UltraSYBR Mixture (CWBIO, Beijing, China),
2 ul of cDNA, 16 pl ddH20, and 2 pl primers (10 uM). The values were
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normalized to levels of GAPDH or ACTIN. The primer sequences were
used according to a previous report unless otherwise noted [34].
Mouse Ho-1:

F: AGGTACACATCCAAGCCGAGA; R: CATCACCAGCTTAAAGCCTTCT

Mouse Gclc:

F: CTACCACGCAGTCAAGGACC; R: CCTCCATTCAGTAACAACTGGAC

Mouse Nqo-1:
F: AGGATGGGAGGTACTCGAATC; R: AGGCGTCCTTCCTTATATGCTA

Mouse Ifnb1:

F: CAGCTCCAAGAAAGGACGAAC; R: GGCAGTGTAACTCTTCTGCAT

Mouse STING:
F: GGTCACCGCTCCAAATATGTAG; R: CAGTAGTCCAAGTTCGTGCGA

2.8. Immunoprecipitation and western blotting

Proteins from different groups were extracted using RIPA lysis
buffer (Sigma-Aldrich) according to the manufacturer's protocol.
Briefly, cultured cells were washed with cold PBS three times for 3 min
each. RIPA lysis buffer with PMSF (1 mmol/L), with or without a
phosphatase inhibitor (CWBIO, Shanghai China), was used to lyse the
cells for 20 min on ice. Then, the obtained cell lysates were centrifuged
at 15000 x g for 15 min. The obtained supernatants were collected and
dissolved in 1x loading buffer. The mixture (10 ul) was separated on
10% SDS-PAGE gels, and then transferred to PVDF membranes (Bio-
Rad, Hercules, CA, USA). The membranes were washed with tris-buf-
fered saline-tween 30 (TBST) twice for 10 min each and blocked with
5% nonfat dry milk (diluted in TBST) at room temperature for 1 h. Next,
membranes were incubated with primary antibody overnight at 4 °C
with gentle shaking. The membranes were then incubated with sec-
ondary HRP-conjugated IgG (Abcam, Cambridge, MA, USA, 1:1000) for
1 hat room temperature. Protein bands were then detected using an
electrochemical luminescence reagent (Millipore, Billerica, MA, USA)
and observed using the LAS-4000 Science Imaging System (Fujifilm,
Tokyo, Japan). The grey levels of bands were quantified using Image J
software (National Institutes of Health, Bethesda, MD, USA).

Immunoprecipitation experiments were performed, as described
previously [40]. In brief, cells were pre-treated with or without RTA-
408 for 6 h. The cells were then stimulated with 100 ng/mL RANKL for
30 min. The lysates were centrifuged at 11,000 X g for 20 min at 4 °C,
and a TRAF6 or STING (dilution:1:100) antibody was added to the
supernatant, after which the mixture was incubated at 4 °C overnight.
The mixture was then incubated with protein A/G agarose beads (In-
vitrogen, Carlsbad, CA, USA) for 4hat 4 °C. Proteins were then ana-
lyzed by western blotting.

2.9. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assay was carried out by using the
SimpleChIP Enzymatic Chromation IP Kit (Agarose Beads) (CST,
Cambridge, MA, USA) according to the manufacturer's instructions.
Briefly, Cells were firstly cross-linked in 1% formaldehyde solution.
And then they were lysed and sonicated to sheer chromatin. The ob-
tained extract was immunoprecipitated with anti-Nrf2 antibody while
anti-rabbit IgG antibody was used as negative control. Then, the DNA-
protein cross-links were reversed by heating at 65 °C for nearly 4 h. The
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DNA fragments were then purified for agarose gel electrophoresis assay AGGACTCCATACAAGGACCAA.
[41]. The DNA recovered from an aliquot of sheared chromatin was

used as input (1/10). The specific primers which can detect the binding

of Nrf2 to the promoter of mice STING were based on the previous study 2.10. Immunofluorescence staining

[42]: F:CGGGGTACCCAACCATCCTGAGACTGGGA; R:CCCAAGCTTGC
Cells were washed with PBS three times, fixed in 4%
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Fig. 1. RTA-408 inhibits RANKL-induced osteoclastogenesis in vitro. (A) Bone marrow macrophages (BMMs) were cultured in a-MEM containing RANKL and M-
CSF in the presence of RTA-408 (20 nM) as indicated for 6 days. The expression of Nrf2 was analyzed at the indicated times by western blotting. (B) Quantitative
analysis of Western blot results. (C) BMMs were cultured with RANKL and M-CSF and treated with different concentrations of RTA-408 for 7 days. TRAP staining was
performed to detect mature osteoclasts. Original scale bars: 150 um. (D) Quantitative analysis was performed to detect TRAP-positive cells/well, relative TRAP-
positive cell size, and the number of nuclei in TRAP-positive cells. (E) Bone resorption assays were performed according to the materials and methods. Different doses
of RTA-408 were used (ranging from 0 to 20 nM). The images were captured with a scanning electron microscope. Original scale bars: 100 um. (F) F-Actin ring
formation assays were carried to detect the effect of RTA-408 on the generation of mature osteoclasts. The actin rings were detected using phalloidin with fluor-
escence microscopy after RTA-408 treatment (20 nM). Original scale bars: 200 pm. Data in all bar graphs are expressed as mean + SEM(n = 3). *P < 0.05,
#P < 0.005.
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paraformaldehyde for 30 min at room temperature, blocked with 5%
(w/v) BSA in PBST, and immunostained with anti-Nfatc1(Rabbit) and
anti-c-FOS (Mouse) antibody overnight at 4 °C followed by a goat anti-
mouse Alexa Fluor-488-conjugated secondary antibody (Invitrogen)
and gota anti-rabbit Alexa Fluor-568-conjugated secondary antibody
(Invitrogen). After washed with PBS for three times, cells were then
stained with DAPI (Beyotime Institute of Biotechnology, Shanghai,
China) and observed under a fluorescence microscope [43].

2.11. Cell transfection

BMMs were transfected with adenovirus according to the previous
study [43]. BMMs were transfected with SiRNA using Lipofectamine
3000(Invitrogen) according to the manufacturer's instruction. Briefly,
the day before transfection, BMMs were seeded in 6-wells plates at the
density of 2 x 10 cells/well and transfected with 20 nM SiRNA. After
6h, the medium was replaced with normal a-MEM containing 10%
FBS. 48h later, the efficiency of transfection was observed under
fluorescence microscope. Cells were analyzed after 3 days by western
blotting to assess the expression of Nrf2 and STING. Transfected BMMS
were then treated with M-CSF and RANKL in the stimulation of RTA-
408 for further experiments [43].

We generated three SiRNA sequences of each target gene and se-
lected the most effectively one for further study. The chosen sequence
of STING siRNA is:

5’-UCAAUCAGCUACAUAACAA-3’ and 5’-CCAACAGCGUCUACGA
GAU-3’ (negative control). And the sequence of Nrf2 siRNA is:

5-UGAAAGCACAGCAGAAUUTT-3’ and 5-GAGCGGCCGAGCAACG
UCUAU-3’ (negative control).

2.12. Luciferase reporter gene assays

The effect of RTA-408 on RANKL-induced NF-kb dependent luci-
ferase reporter assays was determined as previous study [35]. Briefly,
BMMs were cultured in 24-well plates (about 70-80% confluence) and
transiently co-transfected with 1 ug of pGL6-NF-xB-Luc plasmid and 1
ug of pRL-TK plasmid (Promega, WI, USA) as control using Lipofecta-
mine 3000 (Invitrogen, Carlsbad, CA, USA). After BMMs were treated
with different stimulation, they were harvested for the dual luciferase
assay (Promega). Luciferase activity was normalized to the activity of
the internal control.

2.13. Nrf2 activity assay

Nrf2 activity was determined with the TransAM Nrf2 assay (Active
Motif, Carlsbad, CA) according to the manufacturer's instructions [44].
Briefly, nuclear extracts from different groups were incubated with ARE
consensus site oligonucleotides (5-GTCACAGTGACTCAGCAGAAT
CTG-3") immobilized to 96-well plates. Bound protein was detected
with an antibody specific to Nrf2 and visualized by colorimetric reac-
tion catalyzed by HRP-conjugated secondary antibody. The absorbance
was measured at 405 nm using an ELX800 microplate reader (Bio-Tek
Instruments, Winooski, VT, USA).

2.14. Ovariectomy-induced osteoporosis model

The animal experiments in this study were carried out according to
the principles and procedures of the National Institutes of Health (NIH)
Guide and the guidelines for animal treatments of Sir Run Shaw
Hospital. The experimental protocols are approved by the Ethics
Committee of Sir Run Shaw Hospital. Mice were fed in the SPF-level
laboratory animal room in Zhejiang University. Ovariectomy -induced
osteoporosis model was established to determine the effect of RTA-408
on osteoporosis in vivo, as described previously [45]. Briefly, a total of
8-week-old female C57BL/J6 mice purchased from laboratory animal
center of Zhejiang University were subjected to either a sham operation
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or bilateral ovariectomy and assigned randomly to four groups (N = 5):
PBS control (sham), ovariectomy with PBS, ovariectomy with RTA-408
(100 pg/kg body weight body weight) [46] and ovariectomy with ZOL
(100 ug/kg body weight). 80,000 units of penicillin per mouse were
used to prevent infection. 1 week after operation, mice in the RTA-408
and ZOL groups were injected intraperitoneally with RTA-408 and ZOL
twice a week. The other two groups were injected with PBS. All mice
were sacrificed 6 weeks after ovariectomy operation. Left femurs and
left tibiae were excised and fixed in 4% formaldehyde for histological
and Micro-CT (micro-computed tomography) analysis [38].

2.15. Histological analysis

Left femurs and left tibias of mice in each group were fixed for 24 h
in 4% buffered paraformaldehyde and then submerged in 10% EDTA
(w/v) in PBS to decalcify. Next, they were embedded in paraffin. Every
specimen was sectioned with a microtome at a thickness of 4 um. The
sections were then stained with H&E and TRAP for osteoclasts. For
STING analysis, immunofluorescence was performed. Paraffin-em-
bedded sections were deparaffinized and incubated in 1 mM EDTA
(PH = 8.0) at 80 °C for 15min to retrieve the antigen. For STING de-
tection, the samples were treated with proteinase K and blocked with
10% goat normal serum. The sections were then incubated with pri-
mary antibody (1:100). Secondary antibody conjugated with Alexa
Fluor 568 (1:500) and DAPI (1:1000) were further applied and ob-
served under a fluorescence microscope. The fluorescence signal in-
tensity was analyzed using Image J [38,47].

2.16. MicroCT scanning

The fixed tibiae from different groups were analyzed using a high-
resolution UCT (Skyscan 1072) instrument. The scanning protocol was
applied according to the previous report [24] at an isometric resolution
at 9um and X-ray energy settings of 80kV and 80 pA. Quantitative
analysis of BV/TV, mean Tb.Th, mean Tb.N and mean Tb. Sp were
measured for each sample.

2.17. Statistical analysis

All experimental data was illustrated as the mean = SEM (n = 3).
Statistical significance was determined by Student's t-test between
treated and control group or ANOVA for multiple comparisons.
Significance was considered when p value < 0.05.

3. Results
3.1. RTA-408 inhibited RANKL-induced osteoclastogenesis in vitro

We first explored the effect of RTA-408 on osteoclastogenesis in
vitro by testing its cell toxicity using primary bone marrow macro-
phages (BMMs). We found that RTA-408 did not affect the viability of
BMNMs at concentrations below 20 nM (Fig. S1A). We also demonstrated
that RTA-408 activated Nrf2 expression during RANKL-induced osteo-
clastogenesis (Fig. 1A). Quantitative analysis confirmed these results
(Fig. 1B). To explore the effect of this compound on RANKL-induced
osteoclast differentiation, we treated BMMs with RANKL and M-CSF in
the presence of RTA-408 at various concentrations (0, 5, 10, and
20 nM). We found that RTA-408 significantly inhibited osteoclast dif-
ferentiation in a dose-dependent manner as indicated by TRAP staining
(Fig. 1C). TRAP-positive cells with more than three nuclei were con-
sidered osteoclasts. The number of osteoclasts decreased from ap-
proximately 233/well (no RTA-408) to 21/well (20nM RTA-408).
Further, osteoclasts with more than eight nuclei were scarcely observed
upon treatment with 20 nM RTA-408 (Fig. 1D). Next, to test the effect of
RTA-408 on bone resorption, BMMs were cultured on bovine bone
slices for 7 days to generate mature osteoclasts. Different
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concentrations of RTA-408 were then added to the medium for another
7 days. We observed that RTA-408 inhibited bone resorption in a dose-
dependent manner (Fig. 1E). We also tested F-actin ring formation
using phalloidin since this process is necessary for osteoclast function.
Immunofluorescent staining demonstrated that RTA-408 treatment re-
sulted in a diminished actin ring formation (Fig. 1F).

3.2. Osteoclast-specific gene expression was suppressed by RTA-408

To further confirm the inhibitory effect of RTA-408 on osteoclas-
togenesis, we tested the mRNA expression of osteoclast-related genes
including calcitonin receptor (Ctr), dendritic cell-specific transmem-
brane protein (Dc-stamp), cathepsin K (Ctsk), and c-Fos. BMMs were
cultured with RANKL for 3 days in the presence or absence of RTA-408
at various concentrations. As shown, RTA-408 inhibited osteoclast-
specific gene expression in a dose-dependent manner (Fig. 2A). Ad-
ditionally, Western blot assays indicated that this compound could in-
hibit the protein expression of c-Fos (day 3 and 5) and Nfatcl (day 5,
Fig. 2B). Quantitative analysis corroborated the results of Western blot
analysis (Fig. 2C). We also examined the expression of c-Fos and Nfatc1

A
= c-Fos = Ctr
2 15 2 15
8 # 8 #
| —— | —
g 1.04---~ g 1.04-===- .
2 " 2 - "
& o5 - 5 05
1
5 00 s .0
] 0.0 ° 0.0
Rankl - + + + + Rankl - + + + +
RTA-408 - - 5 10 20 RTA-408 - - 5 10 20
B C
RANKL RANKL+RTA-408

DAY1 DAY3 DAYS DAY1 DAY3 DAY5
c-Fos ’ — D - -—‘
Nfatcl

e

c-Fos/Actin

DAPI/c-Fos/Nfatcl

- - . .
RANKL+
RTA-408

Redox Biology 28 (2020) 101309

by immunofluorescence and confirmed that RTA-408 significantly de-
creased the fluorescent signal for both c-Fos (green) and Nfatcl (red)
(Fig. 2D). The quantitative analysis of relative fluorescence signal in-
tensity using Image J confirmed these results (Fig. 2E).

3.3. RTA-408 inhibited STING expression via Nrf2

To further clarify the mechanism through which RTA-408 inhibits
osteoclastogenesis, we tested the activity of Nrf2 during this process.
This compound significantly enhanced the Nrf2 activity (Fig. S2A).
Moreover, the expression of Nrf2-downstream genes including Ho-1
(heme oxygenase-1), Nqo-1 (NAD(P)H quinone oxidoreductase 1), and
Gcle (glutamate-cysteine ligase, catalytic) was upregulated (Fig. S2B).
In addition, RANKL-induced ROS production was inhibited by RTA-
408, as confirmed by flow cytometry (Fig. S2C). Nrf2 was previously
reported to negatively regulate the expression of STING, and STING-
mediated interferon-3 signaling was reported to be involved in cyclic
dinucleotides mediated osteoclastogenesis [48]. We thus tested the
expression of STING during osteoclast differentiation. We observed that
RTA-408 significantly inhibited STING gene expression (Fig. 3A and B).

c Ctsk g Dc-stamp
2 15 w 15
2 § #
5 ,_‘ _
g 1.04--- X 1.04----
2
5 05 % o5
i
g g 00
= Rankl - + + + +
RTQT&- - 5 10 20 RTA-408 - = 5 10 20
O DAY1
2.0 ODAY3
@ DAY5

Nfatc1/Actin

E 15 O c-Fos
’ O Nfatc1

relative fluorescence
signal intensity

Fig. 2. Osteoclast-specific gene expression was inhibited by RTA-408 during osteoclastogenesis. (A) Bone marrow macrophages (BMMs) were cultured to
generate mature osteoclasts for 3 days with different doses of RTA-408 (0, 5, 10, 20 nM). The mRNA expression levels of calcitonin receptor (Ctr), dendritic cell-
specific transmembrane protein (Dc-stamp), c-Fos, and cathepsin K (Ctsk) were measured by real-time PCR. (B) The protein expression of c-Fos and Nfatcl was
analyzed by western blotting (day 1, 3, and 5) and quantitatively analyzed (C). (D) Immunofluorescence analysis of BMMs stimulated with RANKL for 4 days to detect
the expression of c-Fos and Nfatcl. (E) Quantitative analysis of the relative fluorescence signal intensity using Image J from five independent versions. The con-
centration of RTA-408 was 20 nM unless noted. Original scale bars: 15 um. Data on all bar graphs are presented as the mean * SEM(n = 3). *P < 0.05,

#p < 0.005.
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Fig. 3. RTA-408 inhibited osteoclastogenesis via inhibiting RANKL induced ROS and suppressed the STING expression. (A) Gene expression of STING was
analyzed during osteoclastogenesis at the indicated time points (day 1, 2, 3, and 4). (B) The protein level of STING was analyzed by western blotting on day 2 and 4 of
osteoclastogenesis in the presence of RTA-408. (C) BMMs were transfected with small interfering RNA for Nrf2 (siNrf2: Si#1, Si32 and Si#3) for 48 h. The silencing
efficiency was determined by western blotting. (D) BMMs were transfected with siNrf2 for 48 h. BMMs were then stimulated with RANKL for 2 days in the presence or
absence of RTA-408 (20 nM). Further, STING expression was analyzed by western blotting. (E)BMMs were transfected with AdCtrl and AdSTING for 24 h. The
expression of STING was then analyzed using Western blot. (F) BMMs were transfected with AdCtr]l and AdSTING for 48 h. BMMs were then stimulated with RANKL
for 2 days in the presence or absence of RTA-408 (20 nM). Further, STING expression was analyzed by western blotting. The concentration of RTA-408 was 20 nM
unless otherwise noted. Data on all bar graphs are presented as the mean + SEM(n = 3). *P < 0.05, P < 0.005.

We then detected the expression of Ifnb1 by real-time PCR, as well as
the concentration of IFN- by ELISA. RTA-408 did not have any effect
on the expression of Ifnb1 or the concentration of IFN- (Figs. S2D and
E). These results indicated that RTA-408 might inhibit osteoclastogen-
esis by regulating the expression of Nrf2, which is independent of the
STING-mediated interferon-f signaling. To ensure the Nrf2-mediated
suppression of STING, we silenced Nrf2 expression using small inter-
fering RNA (Fig. 3C). We found that this could attenuate the inhibitory
effect of RTA-408 on STING expression (Fig. 3D). Moreover, adeno-
virus-mediated overexpression of Nrf2 was confirmed by Western blot
(Fig. 3E). We observed that enhanced Nrf2 expression strengthened the
inhibitory effect of RTA-408 on the STING expression (Fig. 3F). These
results indicated that the STING expression was partially regulated via
Nrf2.

3.4. RTA-408 suppressed the RANKL-induced NF-kB signaling

We then investigated the NF-xB signaling pathway, which plays a
predominant role in osteoclastogenesis and was found to be involved in
STING-mediated signal transduction. We found that RTA-408 inhibited
the RANKL-induced phosphorylation of IkBa and P65, as well as the
degradation of IkBa (Fig. 4A). Because activated P65 translocates to the
nucleus, we isolated cytosolic and nuclear cell extracts from cells
treated with RTA-408 to confirm this effect. Western blot assays showed
that RTA-408 inhibited the RANKL-induced nuclear translocation of
P65 in a time-dependent manner (Fig. 4B). Quantitative analysis con-
firmed the inhibitory effect of RTA-408 on the NF-kB signaling (Fig. 4C
and D). We then tested the effect of RTA-408 on NF-kB transcriptional
activity using a luciferase reporter system. We found that RTA-408

inhibited RANKL-induced transcriptional activity in a dose-dependent
manner (Fig. 4E). Immunofluorescence staining also demonstrated the
inhibitory effect of RTA-408 on the nuclear translocation of P65
(Fig. 4F), which was confirmed to quantitatively analyzing the number
of cells in which P65 was translocated to the nucleus.

3.5. RTA-408 inhibited the connection between TRAF6 and STING to
suppress the downstream NF-kB signaling

We previously demonstrated that RTA-408 inhibited the expression
of STING. Further, TRAF6 is involved in RANKL-induced signaling and
was found to catalyze the formation of K63-linked ubiquitin chains on
STING to activate NF-kB signaling [23]. Immunoprecipitation analysis
was thus performed and we observed that RTA-408 could significantly
inhibit the Lys63 polyubiquitination of STING during osteoclastogen-
esis (Fig. 5A) by inhibiting the association between STING and TRAF6
(Fig. 5B). Further, the adenovirus-mediated overexpression of STING
(AdSTING) was demonstrated by western blotting (Fig. S2F) and we
observed that this could rescue binding between STING and TRAF6,
which was otherwise inhibited by RTA-408, in a dose-dependent
manner (Fig. 5C). We then silenced the expression of STING using small
interfering RNA (siSTING: Si#1, Si#2 and Si#3). Western blot and
quantitative analysis confirmed the efficacy of SiRNA (Fig. S2G). BMMs
were further transfected with pNFxB-luc together with AdSTING or
siSTING. RANKL-induced BMMs were then cultured for 24h and we
observed that silencing the expression of STING could inhibit RANKL-
induced NF-xB transcriptional activity, whereas overexpression exerted
the opposite effect (Fig. 5D). These results indicated that STING is in-
volved in RANKL-induced NF-kB signaling. Further, the overexpression
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Fig. 4. RTA-408 suppressed the RANKL-induced NF-kB signaling (A) Bone marrow macrophages (BMMs) were pre-treated with RTA-408 for 24 h before sti-
mulating them with RANKL. RANKL-induced expression and phosphorylation of IkBa and the phosphorylation of P65 were measured by western blotting. (B) The
expression of cytosolic and nuclear P65 was measured using the Nuclear and Cytoplasmic extraction Kit (CWBIO, Beijing, China) according to the protocol.
Quantitative analysis of the western blotting results is also shown (C, D). (E) BMMs were transfected with the pNFxB-luc plasmid for 24 h and pre-treated with RTA-
408 (0,0,5 nM, 10 nM) for another 24 h before stimulating them with RANKL. An NF-kB luc assay was then carried out to confirm the effect of RTA-408 on NF-xb
transcriptional activity. (F). BMMs were pre-treated with RTA-408 for 24 h and then stimulated with RANKL for 30 min. Immunofluorescence was performed to test
the effect of RTA-408 on the nuclear translocation of P65 upon RANKL stimulation in BMMs. BMMs in which the nuclear translocation of P65 was observed were
considered positive and the number of positive cells was counted in five independent version for each group. The concentration of RTA-408 was 20 nM unless
otherwise noted. Original scale bars: 50 um. Data on all bar graphs are presented as the mean + SEM(n = 3). *P < 0.05, *P < 0.005.

of STING reversed the RTA-408-mediated repression of RANKL-induced expression of c-Fos, Nfatcl, Dc-stamp, and Acp5 (Fig. 6C).
IKK phosphorylation and IkBa degradation, which was confirmed by
western blotting and quantitative analysis (Fig. S5E and F). Collectively,
we demonstrated that RTA-408 inhibits RANKL-induced NF-«xB sig-
naling by suppressing the association between TRAF6 and STING and
the subsequent Lys63 polyubiquitination of STING.

Over-expression of STING reversed the inhibitory effect of RTA-408
on the osteoclastogenesis.

Since RTA-408 was found to inhibit NF-kB signaling, partially by
inhibiting STING expression, we then transfected BMMs with AdSTING
to verify that we could overcome the inhibitory effect of RTA-408 on
osteoclastogenesis. We found that Ad-STING significantly reversed the
inhibitory effect of RTA-408 on osteoclastogenesis as confirmed by
TRAP staining (Fig. 6A). We also observed virtually normal osteoclast
numbers and sizes in RTA-408-treated BMMs transfected with Ad-
STING. Quantitative analysis confirmed the results of TRAP staining
(Fig. 6B). We also analyzed osteoclast-related gene expression and ob-
served that STING overexpression could significantly rescue the gene

3.6. RTA-408 attenuated the OVX-induced bone loss in vivo

After demonstrating the suppressive effect of RTA-408 on osteo-
clastogenesis in vitro, we wondered whether RTA-408 would have
protective effects against osteoporosis and accordingly, established an
OVX-induced osteoporosis model. We observed extensive bone loss in
the control groups based on micro-computed tomography. However,
RTA-408 was shown to attenuate this OVX-induced bone loss (Fig. 7A).
Zoledronic acid (ZOL) was used as positive control. The parameters of
bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), and trabecular separation (Tb.Sp) were
measured and we observed an increase in Tb.N, BV/TV, and Tb.Th and
a decrease in Tb. Sp in the OVX + RTA-408 group compared to those in
the OVX + PBS group (Fig. 7B). Like ZOL, RTA-408 could significantly
attenuate OVX-induced bone loss, as was confirmed by H&E staining.
Further, TRAP staining was carried out to test the effect of RTA-408 on
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Fig. 5. RTA-408 inhibited the connection between TRAF6 and STING to suppress the downstream NF-kB signaling (A) Bone marrow macrophages (BMMs)
were pre-treated with RTA-408 for 24 h before stimulation with RANKL for the indicated times (5 and 15 min). Immunoprecipitation was then performed to
determine the effect of RTA-408 on the Lys63-polyubiquitination of STING. (B) BMMs were pre-treated with RTA-408 for 24 h before stimulation with RANKL for the
indicated time (5 and 15 min). Co-immunoprecipitation assays were carried out to test the association between TRAF6 and STING. (C) BMMs were transfected with
Advector and AdSTING (MOI of 400 and 800) for 24 h. BMMs were then pre-treated with RTA-408 for 24 h before stimulating them with RANKL for 15 min.
Immunoprecipitation was performed to test the association between TRAF6 and STING. (D) BMMs were transfected with si-Ctrl and si-STING (Si#1) or adenovirus
vector (AdVector) and AdSTING (at a MOI of 400) for 48 h. BMMs were then transfected with the pNFkB-luc plasmid for 24 h and pre-treated with RTA-408 for
another 24 h before being stimulated with RANKL. An NF-kB luc assay was carried out to measure NF-kb transcriptional activity. (E) BMMs were transfected with
AdVector and AdSTING (MOI of 400) for 48 h. BMMs were then pre-treated with RTA-408 for 24 h before stimulating them with RANKL. The expression of IKK-f,
IKK, and Ixba was analyzed at the indicted time points. (F) Quantitative analysis confirmed the western blotting results. The concentration of RTA-408 was 20 nM
unless otherwise noted. Data on all bar graphs are presented as mean = SEM(n = 3). *P < 0.05, *P < 0.005. NS: no significance.

osteoclastogenesis during osteoporosis. The average numbers of TRAP- compared to those in the OVX + PBS group, we observed a decrease in
positive cells from five different versions were measured. We observed the eroded surface/bone surface and TRAP-positive cells/bone surface
large numbers of osteoclasts in the OVX + PBS group but could barely in the RTA-408 treatment group. The level of cross-linked C-telopeptide
detect osteoclasts in the RTA-408 group (Fig. 7C). Accordingly, 1 in the serum was also measured by ELISA and we found lower levels
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Fig. 6. Adenovirus mediated over-expression of STING reversed the inhibitory effect of RTA-408 on the osteoclastogenesis. (A) Bone marrow macrophages
(BMMs) were transfected with AASTING and AdCtrl. RANKL-induced osteoclastogenesis was then performed with RTA-408 stimulation for 7 days. TRAP staining was
established to test the effect of AASTING on RTA-408-mediated osteoclastogenesis. (B) Quantitative analysis of TRAP-positive cells/well and relative TRAP-positive
cell area/well. (C) The expression of osteoclast-related genes including c-Fos, Nfatc1, Dc-stamp, and Acp5 was analyzed by real-time PCR. The concentration of RTA-

408 was 20 nM unless otherwise noted. Data on all bar graphs are presented as mean =

in the OVX + RTA-408 group than in the OVX + PBS group (Fig. 7D).
Further, the effect of RTA-408 on osteoclast-mediated osteoporosis was
comparable to that of ZOL. These results demonstrated that RTA-408
could effectively mitigate OVX-induced bone loss.

3.7. RTA-408 inhibited the STING expression in vivo

We finally tested STING expression in our OVX-induced osteo-
porosis model using immunofluorescence. We observed that RTA-408
treatment resulted in a weaker fluorescence signal intensity (Fig. 8A).
We also analyzed STING expression by western blotting and found that
RTA-408 could significantly inhibit STING expression in vivo (Fig. 8B).
Quantitative analysis confirmed our results (Fig. 8C). We further ex-
plored the effect of RTA-408 on osteogenesis. We found that RTA-408
slightly increased Colla expression but had no effect on the expression
of osteoblast-related genes including Runx2, Ocn, and Osx (Fig. 8D). We
also determined the effect of RTA-408 on osteoblasts in vitro. CCK-8
assays were performed to determine a non-cytotoxic concentration of
RTA-408 using BMSCs (Bone marrow stem cells) (Fig. S1B). Further,
BMSCs were cultured in osteogenic differentiation medium for 14 days.
ALP and alizarin red S staining indicated that RTA-408 had no effect on
osteoblast differentiation (Fig. S1C). Moreover, quantitative analysis of
ALP activity and alizarin red S staining confirmed these results (Figs.
S1D and E).

4. Discussion

In this study, we demonstrated that RTA-408 suppressed osteo-
clastogenesis in vitro via STING dependent NF-kB signaling pathway.
Moreover, RTA-408 attenuated the ovariectomy-induced bone loss in
vivo via inhibiting the STING expression and the formation of osteo-
clasts. These findings identified RTA-408 as a potential novel drug to
treat osteoporosis in the future.

10

SEM(n = 3). *P < 0.05, *P < 0.005. NS: no significance.

In an in vitro model system, we found that RTA-408 inhibited
RANKL-induced osteoclast differentiation and bone resorption in a
dose-dependent manner. Additionally, treatment with RTA-408 was
associated with the downregulation of osteoclasts-related genes, in-
cluding the NFATc1, a master regulator of osteoclast differentiation
[49]. This compound also significantly suppressed RANKL-induced ROS
production via Nrf2. As such, Nrf2-downstream genes such as Ho-1,
Ngo-1, and Gclc were upregulated to exert an anti-oxidant effect. Nrf2 is
known to regulate osteoclastogenesis and bone resorption by de-
creasing ROS production via the induction of antioxidant enzymes.
RANKL-mediated ROS generation plays an important role in diseases
associated with osteoclastogenesis and bone destruction [50]. More-
over, researchers assumed that the signaling cascade associated with
RANKL-induced ROS production flows through RANKL, TRAF6, Racl,
and then NOx. However, the target molecules of ROS with respect to
RANKL signaling remain unclear. NF-kB signaling might be the crucial
downstream signaling molecule in this process [51]. In our study, we
also observed that RTA-408 can inhibit RANKL-induced NF-kB signaling
by suppressing the degradation of IkBa and the nuclear translocation of
P65. These results indicate that NF-kB signaling is involved in RTA-408-
mediated inhibition of osteoclastogenesis. Many studies have demon-
strated the interplay between Nrf2 and NF-kB signaling in oxidative
stress and inflammatory responses. However, it is not completely
known how this association occurs, and its role in osteoclastogenesis
has not been fully clarified [52].

One recent study indicated that Nrf2 regulates STING expression by
decreasing STING mRNA stability in metabolically-reprogrammed cells
following TLR4/7 engagement [19]. STING signaling was also reported
to be involved in abnormal bone formation in DNasell-knockout mice.
The authors found that osteoclast-related gene expression (Ctsk, Acp5)
was significantly decreased, in addition to osteoblast activity, in STING-
knockout mice [27]. Thus, they demonstrated that local bone formation
in the setting of DNA accrual is dependent upon an intact STING
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Fig. 7. RTA-408 rescued the OVX induced bone loss in vivo. (A) Micro-CT analysis of proximal tibias from four groups (N = 5) as follows: sham, OVX + PBS,
OVX + RTA-408 (100 pg/kg body weight), and OVX + ZOL (100 pg/kg body weight). (B) The bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), and trabecular separation (Tb.Sp) were measured to evaluate the microstructure. (C) H&E staining was performed to test the bone loss in
tibias and TRAP staining was used to detect osteoclasts. (D) Quantitative analysis was used to determined average TRAP-positive cell numbers from five different
versions and the TRAP-positive cell number/bone surface. The eroded surface/bone surface (ES/BS) was analyzed using Image J and serum cross-linked C-telopeptide
1 levels were determined by ELISA (mouse CTx-I ELISA kit; Cusabio, Wuhan, China). Original scale bars: 500 um. Data from all bar graphs are presented as

mean *= SEM(n =

5). *P < 0.05, P < 0.005, NS: no significance.
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Fig. 8. RTA-408 inhibited the STING expression in vivo. (A) The proximal tibias were collected from the two groups including the OVX + PBS and OVX + RTA-
408 group. Immunofluorescence assays were performed to detect STING expression in vivo. Quantitative analysis of the relative fluorescence signal intensity is also
shown. Original scale bars: 300 um. (B) Proteins were isolated from the whole distal femur in the OVX + PBS group (#1 to #5) and the OVX + RTA-408 group (#6 to
#10). (C) Quantitative analysis of western blotting. (D) mRNA was isolated from the whole humerus in the indicated groups. Real-time PCR was then performed to
measure the expression of osteoblast-related genes including Runx2, Oxn, Colla, and Osx. TB: trabecular bone; BM: bone marrow; OSX: Osterix. Data from all bar

graphs are presented as the mean =

pathway. Another study showed that cyclic dinucleotides inhibit os-
teoclast differentiation through the induction of IFN-f via STING sig-
naling [48]. Here, in our study, we observed that RTA-408 inhibits
STING expression via Nrf2. However, RTA-408 had no effect on the
production of IFN-f. Interesting, Real-time PCR and agarose gel elec-
trophoresis assay indicated that STING expression is downregulated
during osteoclastogenesis in a time-dependent manner (Fig. 1F). IFN-f3
was previously reported to be enhanced during osteoclastogenesis [53].
Considering the inconsistent phenomenon between STING expression
and IFN-f production, other mechanisms are thought to be involved in
STING-mediated osteoclastogenesis.

STING was previously reported to be modified by a multitude of
post-translation events including modification by K63-, K48-, K27-, and
K11-linked ubiquitin chains [54]. Further, non-canonical STING sig-
naling predominantly activates the NF-xB pathway via K63-mediated
ubiquitination [23]. In our study, we observed that RTA-408 inhibits
the K63-mediated ubiquitination of STING by suppressing the associa-
tion between TRAF6 and STING. Further, the overexpression of STING
was found to reverse this effect. Accordingly, STING was proven to be
involved in RANKL-induced NF-xB transcriptional activity, as con-
firmed by gain- and loss-of-function analyses. Overexpression of STING

12

SEM(n = 5). *P < 0.05, “P < 0. 005, NS: no significance.

also significantly reversed the inhibitory effect of RTA-408 on RANKL-
induced NF-kB signaling. One previous study indicated that Racl might
participate in the interplay between Nrf2 and NF-xB signaling [55].
Here, we demonstrated that the Nrf2 activator RTA-408 could nega-
tively regulate STING expression and consequently inhibit NF-xB sig-
naling. And STING might participate in the interplay between Nrf2 and
NF-kB signaling. Collectively, these results indicate that, unlike its ef-
fect on the production of IFN-[3, RTA-408 inhibits osteoclastogenesis by
suppressing STING-dependent NF-xB signaling. Further studies are re-
quired to confirm the effect of STING on osteoclastogenesis.

We also tested the ability of RTA-408 to treat osteoporosis. Here,
RTA-408 was applied to an OVX-induced osteoporosis in vivo model.
We found that this compound could markedly attenuate bone loss by
inhibiting osteoclastogenesis, as confirmed by Micro-CT, H&E staining,
and TRAP staining. Moreover, ZOL was used as a positive control and
we found that the effects of RTA-408 and ZOL were similar with respect
to the mitigation of OVX-induced osteoporosis. Considering the side
effects of ZOL [5,56], such as gastrointestinal symptoms or muscle and
joint pain, RTA-408 might be a promising alternative for the treatment
of osteoporosis in the future. Moreover, we found that RTA-408 had no
effect on osteoblast differentiation in vitro and in vivo, indicating that it
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attenuates osteoporosis at least in part by inhibiting osteoclastogenesis.
In addition, our in vitro experiments indicated that RTA-408 was toxic
over 20nM in BMMs. Thus, the cytotoxicity of RTA-408 should be
considered if future application is needed.

Collectively, we demonstrate that RTA-408 inhibits osteoclasto-
genesis in vitro and attenuates OVX-induced bone loss in vivo by sup-
pressing STING-dependent NF-kB signaling. Thus, controlling the ex-
pression of STING might be a promising target for the treatment of
osteoporosis in the future.
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