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A B S T R A C T

The α,β-unsaturated-enone contained natural products have been reported showing NF-κB inhibition effect. It is
well known that NF-κB inhibitors can also be used to inhibit osteoclastogenesis. In a continual discovery new
agents for anti-osteoclastogenesis, 8 different type compounds with α,β-unsaturated-enone fragments from our
in-house library were evaluated for NF-κB inhibition and anti-osteoclastogenesis. Experimental results indicated
five compounds exhibited inhibition of NF-κB signal pathway. Among them, one compound ((E)-2-(4-fluor-
obenzylidene)-3,4-dihydronaphthalen-1(2H)-one, 6a) simultaneously inhibits both osteoclastogenesis and NF-κB
signal pathway. Furthermore, 12 compounds with similar scaffold with 6a were tested for anti-osteoclasto-
genesis. As a result, 9 compounds inhibited both NF-κB and osteoclastogenesis. Among them, compound 6b is
the most potent inhibitor against NF-κB (IC50= 2.09 μM) and osteoclast differentiation (IC50= 0.86 μM).
Further studies show that compound 6b blocks the phosphorylation of both p65 and IκBα, and suppresses NF-κB
targeted gene expression without interfering MAPKs and PI3K/Akt signal transduction pathways. This study
demonstrates that we can identify promising synthesized compounds with new scaffolds as therapeutic solutions
against osteoclastogenesis inspired by the privileged fragment derived from natural leads.

1. Introduction

Bone remodeling is regulated by both osteoblasts and osteoclasts
[1]. When bone resorption exceeds bone formation, it results in os-
teoporosis. Osteoclasts are generated from receptor activator of nuclear
factor-κB ligand (RANKL) induced bone-marrow-derived macrophages
(BMMs). RANKL is a member of tumor necrosis factor (TNF) family, and
expressed by bone stromal cells, osteoblasts and T lymphocytes [2,3].
When RANKL binds to its receptor RANK, nuclear factor-κB (NF-κB)
signal transduction pathways will be activated to regulate the osteo-
clast-associated genes expression, including cathepsin K, matrix metal
loprotease-9 (MMP-9) [4], nuclear factor of activated T cells c1
(NFATc1) [5], and tartrate-resistant acid phosphatase (TRAP) [6].
These proteins play important roles in regulating osteoclast survival,
differentiation, and function [7]. Therefore, blocking the activity of NF-
κB signal transduction pathway can stop osteoclastogenesis.

NF-κB is the protein complex of RelA (also known as p65), p50, p52,

RelB, and c-Rel. In osteoclast, NF-κB is usually formed by IκBα, p65,
and p50 [8]. When RANKL binds to RANK, TNF receptor (TNFR)-as-
sociated factor 6 (TRAF6) is recruited and induces a trimeric IκB kinase
(IKK) complex phosphorylated by ATP binding. This in turn leads to the
phosphorylation of IκBα and its degradation by 26S proteasome. The
degradation of IκBα allows p65 and p50 heterodimer to be phos-
phorylated and translocated into nucleus [9]. This results in tran-
scription of targeted genes, hence increasing cellular differentiation,
function and resistance to apoptosis [10].

Known NF-κB osteoclastogenesis inhibitors, such as parthenolide
[11], AKBA [12], curcumin [13], and andrographolide [14], have been
discovered from nature (Fig. 1). α, β–Unsaturated enone (Fig. 1) is the
privileged fragment for these compounds, which are usually inhibitors
for both NF-κB and osteoclastogenesis. The privileged fragment is re-
ported that can form covalent bond with the Cys46 of IKKβ [15], the
Cys38 of p65 [16] or the Cys62 of p50 [17,18].

In order to discover new scaffold osteoclastogenesis inhibitors, the
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privileged fragment α, β–unsaturated enone contained compounds
were screened from our in-house library for lead identification. Then,
cell-based biological assays were performed to validate the screening
results to identify new inhibitors against both NF-κB and osteoclasto-
genesis.

2. Results and discussion

2.1. Screening anti-osteoporosis compounds from in-house library

Using α, β–unsaturated enone as a query, we retrieved our in-house
compound library, and resulted in 81 compounds which were classified
into 8 scaffold groups. Based on scaffold diversity, we selected 8 com-
pounds (one compound per scaffold group) for NF-κB inhibition vali-
dation (Table 1). Experimental results indicated that 5 compounds (1,
2, 4, 5, 6a, and 8) inhibited NF-κB. Compound 6a is the most potent NF-
κB inhibitor (IC50= 1.65 μM) in RANKL treated RAW264.7 cells. Os-
teoclast differentiation inhibitory assays revealed that only compound
6a significantly reduced RANKL-induced osteoclast differentiation in a
dose-dependent manner (Fig. 2). These results suggested that 6a si-
multaneously inhibited NF-kB and osteoclastogenesis.

2.2. Identifying anti-osteoclastogenesis compounds with new scaffold

To identify more active compounds with the scaffold of compound
6a, we selected 12 additional 6a derivatives from the in-house library
to validate their NF-κB inhibitory activity (Table 2). Experimental re-
sults showed 9 of them are NF-κB inhibitors, and compound 6b is 4-
times more active than compound 6a. As shown in Table 2, when hy-
drophobic groups were replaced at R3, such as, SMe (6c), OBn (6d) and,
NEt2 (6e), the compound would lose NF-κB inhibitory activity. Bulky
group at R2 can significantly reduce the activity, however, a hydro-
phobic group at R2 can reduce the activity more than a hydrophilic
group (6f, 6g, and 6h). Enlarging A-ring can also reduce NF-κB in-
hibition (6l and 6m).

The compounds in Table 2 inhibit both NF-κB and osteoclastogen-
esis without cytotoxicity, although the activities of NF-κB and osteoclast
differentiation inhibition are not always consistent (6f, 6h–6k, 6m). A
possible explanation is that they might interact with different targets,
such as PI3K [20] and MAPK [21]. Compound 6b is the most potent
inhibitor against NF-κB (IC50= 2.09 μM) and osteoclast differentiation
(IC50= 0.86 μM). We will further study its function and mechanism for
the treatment of osteoporosis.

2.3. Compound 6b suppresses osteoclastogenesis and bone resorption in
vitro

For further confirming the activity of compound 6b, freshly isolated
bone marrow macrophage cells (BMMs) were treated with various

Fig. 1. The known osteoclastogenesis inhibitors discovered from natural products.

Table 1
Eight compounds containing α, β–unsaturated enone and their bioactivity.

Cmpd. NO. Structures NF-κB
IC50 (μM)a

Osteoclast inhibition IC50
(μM)b

1 25.92 ± 4.23 > 30

2 6.67 ± 0.54 > 30

3 Inactivec > 30

4 5.41 ± 1.22 > 30

5 6.35 ± 1.03 > 30

6a 1.65 ± 2.50 8.66 ± 3.84

7 Inactivec > 30

8 Inactivec > 30

JSH23d 8.10 ± 0.58 7.64 ± 1.21

a Concentration (μM) for 50% inhibition of NF-κB activation in RANKL-in-
duced RAW264.7 cells. The IC50 values are the mean ± SEM for at least three
experimental determinations NF-κB.
b Concentration (μM) for 50% inhibition of osteoclast differentiation in

RANKL-induced RAW264.7 cells. The IC50 values are the mean ± SEM for at
least three experimental.
c Compounds exhibit no effect at 30 μM.
d JSH23 is a commonly used NF-κB inhibitor [19].
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concentrations of 6b. As shown in Fig. 3, compound 6b can completely
stop the osteoclast formation at 10 μM, and reduced half number of
osteoclasts at 1 μM (IC50= 0.91 μM). CCK8 assay analysis indicated
that compound 6b is non-cytotoxicity at the tested concentration
(Fig. 3B).

Next, the effect of compound 6b on osteoclast function was ex-
amined by using hydroxyapatite-coated plates (Fig. 3C). Compare to
RANKL treated group, compound 6b can reduced the area of hydro-
xyapatite resorption in dose-dependent manner (Fig. 3C and D).

2.4. Compound 6b selectively inhibits NF-κB signal transduction pathway

Both p65 and IκBα plays important roles in NF-κB signal transduc-
tion pathway. Phosphorylating p65 and IκBα can activate DNA tran-
scription. Compound 6b significantly reduced phosphorylated p65 (p-
p65) in about 5–60min (Fig. 4A), p65 expression level change was not
observed, indicating that compound 6b inhibited p65 activity. Simi-
larly, the phosphorylation of IκBα (p-IκBα) was also suppressed by
compound 6b in about 5–60min (Fig. 4B).

Besides the NF-κB signal transduction pathway, RANKL also inter-
acts with MAPKs (ERK, JNK, and p38) and PI3K/Akt signal transduc-
tion pathway. The inhibitory effects of compound 6b on two signal
transduction pathways were evaluated by western blot experiments. As
shown in Fig. 5, phosphorylation of ERK, JNK, p38, PI3K, and Akt were
not changed when treated with compound 6b. These findings demon-
strated that compound 6b inhibited osteoclast differentiation through
RANKL-induced NF-κB signal transduction pathway without interfering
MAPKs and PI3K/Akt signal transduction pathway.

2.5. Compound 6b inhibits osteoclastogenesis-related gene expression

The expression of TRAP, c-Fos, MMP-9, and NFATc1 is regulated by
NF-κB signal transduction pathway. Therefore, their mRNA levels in
RANKL-induced BMMs were examined (Fig. 6). Increased levels of
TRAP, c-Fos, MMP-9, and NFATc1 were observed after RANKL treated,
but these expression levels were significantly suppressed in presence of
compound 6b. These results further confirmed that compound 6b in-
hibits NF-κB signal transduction pathway and reduces osteoclastogenic
marker gene expression.

2.6. Compound 6b has no effect on osteoblast differentiation

Furthermore, bone morphogenetic proteins 2 (BMP-2) induced
C2C12 cells were used for testing effect of 6b on osteoblast function. As
shown in Fig. 7A, 6b did not affect the osteoblast marker alkaline
phosphatase (ALP) expression when examined by ALP staining. CCK8
assay indicated 6b is no cytotoxicity at the tested concentration
(Fig. 7B).

2.7. Docking study indicates compound 6b may covalent bind with IKKβ

Since compound 6b only affects NF-κB signal transduction pathway

Fig. 2. Compound 6a attenuates RANKL-induced
osteoclastogensis in a dose-dependent manner.
RAW264.7 cells were cultured in a 96-well plate in
the presence of RANKL (100 ng/mL) and compound
6a (0–10 μM) for 7 days and then fixed with 4%
paraformaldehyde and stained for TRAP activity.
Representative light microscope images showing
the effect of compound 6a on RANKL-induced os-
teoclast formation with morphological changes in
comparison with RAW264.7 cells cultured in the
absence and presence of RANKL. The TRAP-positive
multinucleated cells that contain more than 3 nu-
clei were counted (red arrow). (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 2
SAR for compounds with the scaffold of compound 6a.

No. R1 R2 R3 R4 NF-κB
IC50 (μM)a

Osteoclast
inhibition IC50
(μM)b

CC50
(μM)c

6a eH eH eF eH 8.66 ± 3.84 1.65 ± 2.50 > 50
6b eH eH eOH eH 2.09 ± 0.45 0.86 ± 1.27 > 50
6c eH eH eSMe eH Inactived Inactive > 50
6d eH eH eOBn eH Inactive Inactive > 50
6e eH eH eNEt2 eH Inactive Inactive > 50
6f eH eF eH eH 20.56 ± 0.79%e 1.89 ± 0.32 > 50
6g eH eCl eH eH 37.79 ± 9.06% 15.99 ± 4.73 > 50
6h eH eNO2 eH eH 7.86 ± 1.44 1.42 ± 0.19 > 50
6i eCl eH eH eH 18.63 ± 5.98 1.24 ± 0.79 > 50
6j eNO2 eH eH eH 12.23 ± 4.11 1.81 ± 0.29 > 50
6k eH eOH eOH eH 13.18 ± 4.73 1.02 ± 0.18 > 50
6l eNO2 eH eOMe eOMe 45.23 ± 4.32% 9.00 ± 0.94 > 50
6m eH eNO2 eOH eOMe 36.69 ± 4.23% 1.56 ± 0.40 > 50

a Concentration (μM) for 50% inhibition of NF-κB activation in RANKL-in-
duced RAW264.7 cells. The IC50 values are the mean ± SEM for at least three
experimental determinations NF-κB.
b Concentration (μM) for 50% inhibition of osteoclast differentiation in

RANKL-induced RAW264.7 cells. The IC50 values are the mean ± SEM for at
least three experimental.
c Concentration for 50% death of RAW 264.7 cells. The CC50 values are the

mean ± SEM for at least three experimental.
d Compounds exhibited no effect at 30 μM.
e Percentage activity of test compounds at 30 μM in RANKL-induced NF-κB.
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Fig. 3. (A) Compound 6b attenuates RANKL-induced osteoclastogenesis in a dose-dependent manner. BMMs cultured in a 96-well plate in the presence of RANKL
(100 ng/mL), M-CSF (30 ng/mL) and compound 6b (0–10 μM) for 5 days were fixed with 4% paraformaldehyde and stained for TRAP activity. Representative light
microscope images showing the effect of compound 6b on RANKL-induced osteoclast formation compared with BMMs cultured in the absence and presence of RANKL
and M-CSF. The TRAP-positive multinucleated cells that contain more than 3 nuclei were counted as osteoclast. (B) Compound 6b did not affect viability of BMMs as
measured by CCK8 assay. (C) Representative image of bone resorption on hydroxyapatite-coated plates. (D) Quantification of the percentage area of hydroxyapatite
surface with or without 6b.

Fig. 4. Compound 6b inhibited RANKL-induced activation of NF-κB signal transduction pathway. Compound 6b (5 μM) was added to RAW 264.7 cell incubated in
4 h before RANKL (100 ng/mL) treated and further incubated for 5, 10, 30, and 60min. Then the protein samples were prepared for total and phosphorylated p65 and
IκBα analysis. (A, C) Western blots analysis of the effect of 6b on p-p65, the data in blots were quantified by densitometry. (B, D and E) Western blots analysis of the
effects of 6b on p-IκBα and IκBα, the data in blots were quantified by densitometry. Results are expressed as mean ± SD of three independent experiments. ##,
p < 0.01 compared with control (0′). **, p < 0.01 compared with the RANKL-treated group.
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and prevents the phosphorylation of p65 and IκBα at the same time, it
may work on upstream protein such as IKKβ and TRAF6.
α,β–Unsaturated enone may form covalent bond with Cys46 of IKKβ to
inhibit NF-κB signal transduction pathway. Therefore, we propose that
compound 6b may blocks NF-κB activity through regulating IKKβ (PDB
code: 3QA8). As it has been reported that Cys46, Glu49, Arg55, Trp58,
Ile62, Val79, and Leu91 can form an allosteric binding pocket in IKKβ
(Fig. 8A). Occupying the pocket reduces NF-κB activity [15].

Compound 6b was docked into this binding pocket (Fig. 8B) using MOE
software [22]. The dihydronaphthalenone of 6b establishes hydro-
phobic interactions with Trp58, Leu91, Pro92, and Ile62. The hydroxy
group at the phenol ring of compound 6b interacts with Arg47, Glu49,
and Arg55 (Fig. 8C). Compound 6b also interacts with IKKβ via two
hydrogen bindings. One is formed between carbonyl group of dihy-
dronaphthalenone and the NH in indole ring of Trp58; another is
formed between the phenol ring and Glu49 (Fig. 8C). This binding
model makes the α-C of α,β–unsaturated enone in 6b close to thiolate
Cys46 (3.58 Å) and induces Michael addition reaction (Fig. 8C).

Compound 6b was covalently docked into the binding pocket of
IKKβ at Cys46 (PDB code: 3QA8) and minimized the complex energy
with Amber99 force field (Fig. 9A and B). The result indicates that this
ATP binding pocket is significantly altered after 6b is covalently

Fig. 5. Effects of compound 6b on RANKL-induced activation of MAPK and PI3K/Akt signal transduction pathway. Compound 6b (5 μM) was added to RAW 264.7
cell incubated in 4 h before RANKL (100 ng/mL) treated and further incubated for 5, 10, 30 and 60min. Then the protein samples were prepared for total and
phosphorylated ERK, JNK, p38, PI3K and Akt (p-ERK, p-JNK, p-p38, p-PI3K, p-Akt) analysis. (A) Effect of 6b on p-ERK, p-JNK and p-p38. (B) Effect of 6b on p-PI3K
and p-Akt.

Fig. 6. Effect of compounds 6b (5 μM) on osteoclastogenic mRNA expression.
BMMs were pretreated with or without the compound 6b for 1 h and then
supplemented with RANKL (100 ng/mL) for the indicated time points. Total
RNA was isolated with TRIzol, and each total RNA was used to transcribe the
cDNA. The cDNA was amplified by PCR from mouse-specific primers. Results
are expressed as mean ± SD of three independent experiments. ##, p < 0.01
compared with control. **, p < 0.01 compared with the RANKL-treated group.

Fig. 7. (A) Effects of 6b on BMP-2 induced C2C12 cells myoblast differentiation
examined by ALP staining. C2C12 cells cells were treated with BMP-2 (10 ng/
mL) for 3 days, fixed in 4% paraformaldehyde and stained for ALP activity. (B)
Compound 6b did not affect viability of C2C12 cells as measured by CCK8
assay.
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docked: (1) Gly25 is repositioned from the original pose to the ATP
chamber; (2) Asp166 is folded and caused a clash interaction with ATP;
(3) the backbone carbonyl of Glu97 is rotated and the hydrogen binding
with ATP is lost. Thus, the binding of ATP and IKKβ is weaken, con-
sequently, NF-κB signal transduction pathway is interfered. This me-
chanism is important because IKKβ is more important to osteoclast
differentiation than other homologs such as IKKα and IKKγ [23–25].

2.8. Discussion

In this study, a new scaffold of compounds was discovered to inhibit
NF-κB signal pathway and prevent osteoclastogenesis. The primary
structure-activity relationship (SAR) study indicates that hydrophilic
groups in R2 and R3 position of ring A can increase the anti-osteoclas-
togenesis activity. The docking study also revealed that ring A in a
hydrophilic pocket. Here, the SAR study of ring B was not applied, the

Fig. 8. (A) Allosteric pocket and ATP binding pocket of IKKβ. (B, C) The binding mode of 6b with IKKβ. H-bonds are represented as orange dashed lines.
Hydrophobicity (lipophilicity) is represented as textured colors where green is more hydrophobic, while pink is less hydrophobic. Distance are represented as blue
line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. (A) The covalent binding of compound
6b and IKKβ at Cys46. (B) The binding complex
of IKKβ-ATP without 6b. (C) The binding com-
plex of IKKβ-ATP with 6b. H-bonds are re-
presented as orange dashed lines. The ribbon and
amino acids of IKKβ-6b are represented as
yellow color. The ribbon and amino acids of
IKKβ-ATP are represented as blue color. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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modification on ring B will be performed in future to improve activity.
According to the docking study, the ring B fits into a hydrophobic
pocket, introducing hydrophobic groups may improve the potency of
compounds. Bioassay results indicated that compound 6b selectively
prevent RANKL-induced NF-κB signal pathway without affecting
RANKL-induced MAPK and PI3K/Akt pathway. Further docking study
suggests that 6b may covalent bind with IKKβ to block NF-κB function.
However, more bioassay is needed to study its mechanism of action.

3. Conclusion

In conclusion, compound 6 contains α,β–unsaturated enone moiety,
was identified as a potential anti-osteoporosis scaffold. Twelve deriva-
tives were founded from in-house library. Among them, compound 6b
exhibited most potent inhibitory effects of RANKL-induced osteoclas-
togenesis in BMMs without cytotoxicity, as well as inhibition of bone
resorption in vitro. The ALP staining indicated 6b has no effect on os-
teoblast function. Thus, compound 6b selectivity inhibits osteoclast
differentiation. Compound 6b also inhibits NF-κB signaling pathway
and affect NF-κB targeted gene expression including TRAP, c-Fos,
MMP9, and NFATc1. A docking study indicated 6b may block NF-κB
activity through covalent binding with IKKβ. Therefore, 6b could be a
lead compound for further study.

4. Material and methods

4.1. Reagents and antibodies

All the compounds are obtained from SYSU small molecular re-
pository center. Compound 6 can be prepared by using previous re-
ported method [26]. JSH23 is purchased from MCE (USA). α-Modified
Minimal Essential Medium (α-MEM), Dulbecco’s Modified Eagle’s
Medium (DMEM), Phosphate buffered saline (PBS) and fetal bovine
serum (FBS) were purchased from Gibco (Gibco, NY, USA). MTS re-
agent and luciferase analysis reagents were purchased from Promega
(Promega Corporation, Sydney, Australia). Primary antibodies for p65,
phosphorylated p65, IκB-α, ERK, phosphorylated ERK, JNK, phos-
phorylated JNK, p38, phosphorylated p38, PI3K, phosphorylated PI3K,
Akt and phosphorylated Akt were obtained from Cell Signaling Tech-
nology (Cell Signaling Technology, Massachusetts, USA). All antibodies
were used at the concentrations recommended by the supplier at
1:1000. Recombinant macrophage colony stimulating factor (M-CSF)
was obtained from R&D Systems (Minneapolis, MN, USA). Hydro-
xyapatite-coated 24 well plates were obtained from Corning (Corning,
USA). Acid Phosphatase Leukocyte (TRAP) kit, cell dissociation solution
and 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(BCIP/NBT) solution were obtained from Sigma Aldrich (Sigma Aldrich,
St Louis, MO, USA). TRIzol reagent was obtained from Invitrogen (In-
vitrogen, NY, USA). PrimeScript™ MixRT Master Mix reverse tran-
scriptase kit and TB Green™ premix EX Taq™ II kit were obtained from
Takara (Takara Biotechnology, Kusatsu, Japan). Glutathione S-trans-
ferase (GST)-rRANKL160–318 (GST-rRANKL) recombinant protein was
expressed and purified as previously described [27].

4.2. Cell culture

RAW264.7 cells (mouse macrophage cells) was obtained from
America Type Culture Collection (Mannassasa, VA, USA) and main-
tained in complete α-MEM (α-MEM, 10% heat inactivated FBS, 2mM L-
glutamine and 100 U/mL penicillin/streptomycin). C2C12 cells was
maintained in complete DMEM (DMEM, 10% heat inactivated FBS,
100 U/mL penicillin/streptomycin). Cultured the cells in 5% CO2 at
37 °C.

4.3. Luciferase reporter gene assay for NF-κB

For measuring the effect of compounds on NF-κB transcriptional
activation, luciferase reporter gene assays were used. RAW 264.7 cells
stably transfected with an NF-κB luciferase reporter gene (3κB-Luc-
SV40) [28] were seeded into 96-well plates at a density of
1.5× 105 cell/well. Pretreated compounds at 0.1, 0.3, 1, 3, 10, 30 μM
concentrations for 1 h, and then stimulated with GST-rRANKL (100 ng/
mL) for 4 h. Cells were then lysed, and luciferase activity was measured
using a Promega Luciferase Assay system.

4.4. Osteoclast differentiation assay

RAW264.7 were seeded at a density of 6×103 cell/well onto a 96-
well plate and stimulated with M-CSF (30 ng/mL) and GST-rRANKL
(100 ng/mL), with or without different concentrations of compounds
(0.1, 0.3, 1, 3, 10, 30 μM). The medium, GST-rRANKL and compounds
were replaced every 2 days. After 5 days, fixed the cultures with 4%
paraformaldehyde in PBS for 15min at room temperature (r.t.) and
then washed four times with PBS. Detection of TRAP activity was
performed using the Acid Phosphatase Leukocyte kit and the number of
TRAP positive multinucleated cells (more than three nuclei) were
counted using a Leica microscope.

4.5. In vitro osteoclastogenesis assay

BMMs were isolated from six-week-old C57BL/6J mice by flushing
the marrow from the femur and tibia. Cells were then cultured in α-
MEM supplemented with 10% FBS, 2mM L-glutamine, 100 U/mL pe-
nicillin, and 100 μg/mL streptomycin (complete medium), in the pre-
sence of M-CSF (30 ng/mL). To generate osteoclasts, BMMs were plated
in 96-well plates at a density of 6×103 cells/well in the presence of M-
CSF (30 ng/mL) overnight. The following day, cells were then stimu-
lated with complete medium containing M-CSF and GST-rRANKL
(100 ng/mL) in the presence or absence of compound 6b (0.03, 0.1, 0.3,
1, 3, 10 µM) every 2 days until osteoclasts formed. After 5 days, cells
were fixed with 4% paraformaldehyde for 15min at r.t. and then
stained for TRAP enzymatic activity using Acid Phosphatase Leukocyte
kit, following the manufacturer's procedures. TRAP-positive multi-
nucleated cells (> 3 nuclei) were counted as osteoclast-like (OCL) cells.

4.6. Cytotoxicity assay

A CCK-8 assay was used to determine cell viability. BMMs and
C2C12 cells in the logarithmic growth phase were cultured in 96-well
plates with 6× 103 cells in each well and incubated for 24 h. The cells
were then treated with DMSO vehicle or with different concentrations
of compounds ranging from 0.1 µM to 33 µM for 48 h or 72 h. After the
treatment period, 10 µL CCK-8 was added to each well, wells were in-
cubated at 37 °C for 30min, and absorbance was then measured at
450 nm using a microplate reader (Thermo, USA).

4.7. Hydroxyapatite resorption assay

BMMs (1× 105 cells/well) were cultured onto 6-well collagen-
coated plates and stimulated with GST-rRANKL and M-CSF (30 ng/mL)
until mature osteoclasts formed. Cells were gently harvested using cell
dissociation solution and consistent numbers of mature osteoclasts were
seeded into hydroxyapatite-coated 24 well plates. Mature osteoclasts
were incubated in medium containing GST-rRANKL and M-CSF with or
without compound 6b. After 48 h, wells were bleached to remove cells,
followed by image acquisition for the measurement of resorbed areas
using a Leica inverted microscope (Leica, Germany). The percentage of
surface resorbed was analyzed using Image J software (NIH, Bethesda,
USA).
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4.8. Real time polymerase chain reaction (RT-qPCR)

For Real-Time PCR, BMMs were seeded in a 6-well plate at a density
of 1×105 cells per well and then cultured in complete α-MEM with M-
CSF (30 ng/mL), GST-rRANKL (100 ng/mL), and with or without
compound 6b at 5 μM for 5 days. For RT-qPCR analysis, total cellular
RNA was extracted cultured cells with TRIzol reagent, following the
manufacturer’s protocol. Reverse transcription was performed using
PrimeScript™ MixRT Master Mix reverse transcriptase kit, according to
the manufacturer’s specifications. RT-qPCR was performed using TB
Green™ premix EX Taq™ II kit with 1 μL reverse transcriptase for 40
cycles of 95 °C for 10 s, 56 °C for 10 s and 72 °C for 30 s. Primer se-
quences are as follows:

Sequences

18s Forward 5′-CGGCTACCACATCCAAGGAA-3′
Reverse 5′-GCGGAATTACCGCGGCT-3′

NFATc1 Forward 5′-CAACGCCCTGACCACCGATAG-3′
Reverse 5′-GGCTGCCTTCCGTCTCATAGT-3′

c-Fos Forward 5′-CCAGTCAAGAGCATCAGCAA-3′
Reverse 5′-AAGTAGTGCAGCCCGGAGTA-3′

MMP9 Forward 5′-CCTACTCTGCCTGCACCACTAAA-3′
Reverse 5′-CTGCTTGCCCAGGAAGACGAA-3′

TRAP Forward 5′-GGCTATGTGCTGAG-3′
Reverse 5′-GGAGGCTGGTCTTA-3′

4.9. Western blot assay

RAW264.7 cell lines were grown in 6-well plates at a density of
5× 105 cells per well. Cells were then pretreated with 5 μM compound
6b for 4 h and then stimulated with GST-rRANKL (100 ng/mL) for 5, 10,
30 and 60min. Cells were then lysed with radioimmunoprecipitation
(RIPA) Lysis Buffer under ice bath, and pelleted by centrifugation
(14,000g for 5min). Transferred cleared lysates into a fresh tube and
measured protein concentrations by BCA assay. Same amounts of pro-
tein samples were mixed with SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer and heated at 100 °C for 10min. Then,
loaded samples onto a 10% acrylamide gel and separated using SDS-
PAGE. Separated samples were transferred onto a nitrocellulose mem-
brane and incubated in 5% skim milk powder diluted in 1× TBS-Tween
(TBST) for 2 h at r.t. Membranes were then incubated with specific
primary antibodies (1:1000) at 4 °C, with shaking, overnight. Primary
antibody binding was detected using horseradish peroxidase conjugated
secondary antibodies (1:5000) coupled with enhanced chemilumines-
cence (ECL) reagents and visualized on Tanon 5200.

4.10. ALP staining

For ALP staining, C2C12 cells were treated with BMP-2 (10 ng/mL)
in presence or absence of compound 6b (0.01, 0.1, 1, 10 μM) for 6 days,
then fixed in 4% paraformaldehyde for 15min at r.t., rinsed with PBS
and stained with BCIP/NBT solution (300 μg/mL) overnight at r.t.

4.11. Molecular docking

For the docking studies, Molecular Operating Environment 2014.10
(MOE, Chemical Computing Group Inc. Montreal, Canada) was used,
operating on Windows 10 on a DELL computer (Intel i5, 2.8 GHz CPU,
8 GB memory). The structures of compounds were drawn in MOE
package with standard bond lengths and angles, and minimized using
the conjugate gradient method. The Gasteiger-Huckel charge was ap-
plied for the minimization process, with a distance-dependent dielectric
function. A preliminary docking study was carried out using the crystal
structure of IKKβ (PDB code: 3QA8). The structure was polished as
follows: all water molecules were removed from the crystal structure.

The protein was then analyzed using the QuickPrep Tool in MOE.
Cys46, Glu49, Arg55, Trp58, Ile62, Val79 and Leu91 were selected as
binding site. The docking was performed with all compounds in max-
imum 30 poses.

To analyze the covalent binding of compound 6b and IKKβ, we
made a single covalent bond between α-C of α,β–unsaturated enone at
compound 6b and the thiol group at Cys46 using MOE. Then, we
minimized the binding complex with AMBER99 force field. The IKKβ-
ATP complex was adopted from Ref. [29].
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