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ARTICLE INFO ABSTRACT

Keywords: Tea consumption has positive effects on the skeletal system and prevents postmenopausal osteoporosis, mainly
EGCG by inhibiting osteoclastogenesis. In green tea, (-)-epigallocatechin-3-gallate (EGCG) is the most abundant and
Oxidation derivative active compound and has been shown to inhibit RANKL-induced osteoclast formation. Taking into account the

Osteoclastogenesis highly oxidizable and unstable nature of EGCG, we hypothesized that EGCG oxidation product exhibits greater
CN?;ZCl anti-osteoclastogenesis potential than EGCG. In this study, we successfully isolated and identified an EGCG

oxidation derivative, (-)-gallocatechin gallate (compound 2), using a chemical oxidation strategy. We then
compared the ability of compound 2 and EGCG to inhibit RANKL-induced osteoclastogenesis in RAW 264.7 cells.
The results of TRAP staining and F-actin ring immunofluorescent staining showed that compound 2 exhibits
stronger inhibition of RANKL-induced osteoclast differentiation and F-actin ring formation, respectively, than
EGCG. Additionally, quantitative real-time PCR (qRT-PCR) and western blotting analyses showed that compound
2 significantly and more strongly inhibited the expression of osteoclastogenesis-related marker genes and pro-
teins, including c-Src, TRAP, cathepsin K, B3-Integrin, and MMP-9, compared with EGCG. Furthermore, com-
pound 2 significantly suppressed RANKL-induced expression of NFATc1 and c-Fos, the master transcriptional
regulators of osteoclastogenesis, more strongly than EGCG. Mechanistically, molecular interaction assays
showed that compound 2 binds to RANK with high affinity (Kp = 189 nM) and blocks RANKL-RANK interac-
tions, thereby suppressing RANKL-induced early RANK signaling pathways including p65, JNK, ERK, and p38 in
osteoclast precursors. Taken together, this study demonstrates for the first time that an oxidation derivative of
EGCG (compound 2) inhibits RANKL-induced osteoclastogenesis by suppressing RANK signaling pathways in
RAW 264.7 cells.

RANK signaling pathways

1. Introduction

Bone homeostasis is tightly regulated by the coupled action of os-
teoclasts that regulate bone resorption and osteoblasts that regulate
bone formation via a process called remodeling [1]. An imbalance be-
tween the resorption of old bones and formation of new bones directly
causes gross perturbations in the skeletal structure and function, po-
tentially leading to morbidity and shortened lifespan [1,2]. Excess os-
teoclastic activity contributes to the development of many skeletal
diseases, such as postmenopausal osteoporosis, rheumatoid arthritis,

periodontal disease, multiple myeloma, and metastatic cancers [1,3].
Thus, inhibiting osteoclast differentiation and activation is a key ther-
aeputic strategy for treating bone metabolic diseases [4].

Osteoclasts originate from hematopoietic stem cells and differ-
entiate through monocyte and macrophage precursors to form mature
osteoclasts, which are characterized by a clear zone, ruffled border, and
the secretion of acid and lytic enzymes that degrade bone mineralized
matrices [5,6]. The receptor activator of NF-kB (RANK) ligand (RANKL)
plays an important role in osteoclastogenesis [7]. The binding of
RANKL to its receptor RANK directly activates canonical RANK
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signaling pathways during osteoclastogenesis, leading to the activation
of many key transcription factors such as c-Fos and NFATc1 (short for
Nuclear Factor of Activated T-Cells, Cytoplasmicl). These transcription
factors regulate the expression of osteoclast-related marker genes such
as tartrate-resistant acid phosphatase (TRAP), c-Src, cathepsin K, matrix
metallopeptidase-9 (MMP-9), and c-Src, thus driving the formation and
activation of mature osteoclasts [6,8,9].

Tea prepared from the green leaves of Camellia sinensis (L.) O.
Kuntze is the second most consumed beverage worldwide, given its
broad-spectrum beneficial effects on human health [10]. Tea is cate-
gorized into three types: green, black, and Pu-erh tea, depending on the
processing technique [11]. Numerous studies have shown that tea
consumption has positive effects on the skeletal system by effectively
preventing and treating postmenopausal osteoporosis [12]. Catechins
including (-)-epigallocatechin-3-gallate (EGCG), (-)-epicatechin-3-gal-
late (ECG), (-)-epigallocatechin (EGC), and (-)-epicatechin (EC) are the
main active components of green tea and have diverse beneficial effects
on human health [13]. Among these, EGCG has recently attracted great
interest for its antiviral, anti-inflammatory, and anticancer properties
[13-16]. Furthermore, EGCG has been shown to inhibit RANKL-in-
duced osteoclast formation [17,18]. However, since EGCG is easily
oxidized and is unstable at high pH or under prolonged exposure to
high temperature [19,20], we hypothesized that oxidation products of
EGCG would exhibit higher anti-osteoclastogenesis potential than
EGCG.

In this study, we isolated and identified an EGCG oxidation deri-
vative, (-)-gallocatechin gallate (GCG; compound 2), using a chemical
oxidation strategy. We tested the ability of compound 2 with EGCG to
inhibit RANKL-induced osteoclast differentiation in RAW 264.7 cells.
We also explored the potential molecular mechanisms underlying the
inhibition of RANKL-induced osteoclast differentiation.

2. Materials and methods
2.1. Materials

High purity (> 98%) grade EGCG was purchased from Biopurify
Phytochemicals Ltd. (Chengdu, China). High performance liquid chro-
matography (HPLC) grade methanol was obtained from J&K Chemical
Technology Co., Ltd. (Beijing, China). All reagents were commercially
available and used without further purification, unless indicated
otherwise. All solvents were obtained from commercial sources and
were purified according to standard procedures.

Melting points (compound 2) were measured using an X-4 melting
point apparatus. Mass spectra (MS) and high-resolution mass spectra
(HRMS) were recorded using Agilent 6540 Q-Tof (ESIMS) (Agilent, CA,
USA). Proton nuclear magnetic resonance (*H-NMR) and carbon-13
NMR (*3C-NMR) spectra were recorded using Bruker AVANCE III
500 MHz instruments (Bruker BioSpin GmbH, Rheinstetten, Germany),
with tetramethylsilane (TMS) as an internal standard. To perform
column chromatography and thin-layer chromatography (TLC), silica
gel (200-300 mesh) and silica GFos4, respectively, were produced by
Qingdao Marine Chemical Company (China).

Recombinant mouse RANKL (R&D Systems, Minneapolis, MN, USA)
was reconstituted to a final concentration of 10 ug/mL using sterile
phosphate-buffered saline (PBS) containing 0.1% bovine serum al-
bumin (BSA) and then stored at —20 °C. The prepared stock solution
was added to the culture medium to achieve the indicated final con-
centration. Recombinant mouse RANK protein for molecular interaction
assay was purchased from R&D Systems. Dulbecco’s Modified Eagle’s
Medium (DMEM) and fetal bovine serum (FBS) were sourced from
Hyclone Laboratories (Logan, UT, USA) and Biological Industries
(Kibbutz Beit Haemek, Israel), respectively. Mixed penicillin—strepto-
mycin solution (P/S), TRITC-conjugated phalloidin, and antifade
mounting medium with DAPI were purchased from Solarbio (Beijing,
China). The TRAP staining kit was purchased from Sigma-Aldrich (St.
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Louis, MO, USA). Specific primary antibodies against NFATc1, c-Src, c-
Fos, cathepsin K, and JNK were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against phosphory-
lated p65 (p-p65), p65, p-JNK, p-ERK1/2, ERK1/2, p-p38, and p38
were purchased from Cell Signaling Technology (Beverly, MA, USA).
Anti-TRAP, anti-B-tubulin, and horseradish peroxidase-conjugated sec-
ondary antibodies were purchased from Abcam (Cambridge, MA, USA),
Proteintech Group, Inc. (IL, USA), and R&D Systems (Minneapolis, MN,
USA), respectively.

2.2. Reaction components and extraction

EGCG (0.45 mmol) was maintained in 10 mL of 0.05M phosphate
buffer (Na,HPO,4, pH 5.8) at 60 °C for 2h. The reaction mixture was
extracted with ethyl acetate (3 X 10 mL), and the combined organic
layer was dried over sodium sulfate. The solvent was evaporated under
vacuum to obtain the residue.

2.3. HPLC analysis and isolation

Analysis of EGCG and the reaction mixture was performed on an
Agilent 1260 LC system, with an XTerra RP-18 (4.6 mm X 250 mm)
column. Absorption was detected at 254 nm. The injecting volume was
10 L, and the flow rate was 1 mL/min. The ratio of mobile phase A
(methanol) to phase B (0.5% acetic acid in water) was 20:80.
Separation and purification of the compounds were performed on an
Agilent 1260 LC system, with an XTerra RP-18 (9.8 mm X 250 mm)
column, using 20% methanol solution containing 0.5% acetic acid.

2.4. Characteristics of compound 2

Compound 2 was a white amorphous powder, m.p. 220-222 °C, 'H-
NMR (CD5;OD, 500 MHz) and '*C-NMR (CD;OD, 125MHz) data
(Table 1); negative-ion ESIMS; m/z 457 [M—H] ~; negative-ion HRE-
SIMS was calculated for C5,H;,01; [M—H] ™~ 457.0849 and was found
to be 457.0850.

2.5. Cell culture
Mouse macrophage RAW 264.7 cells obtained from American Type

Table 1
'H-NMR and '*C-NMR data for (-)-gallocatechin gallate (GCG) identified pre-
viously and compound 2 identified in this study.

GCG (6,)° Compound 2 (8,)
C position 8¢ Su Sc Sy
2 77.2  5.52(d,J =4.8Hz) 786  5.52(d, J =2.4Hz)
3 69.2  4.96 (dd, J =4.8Hz, 69.9  4.96 (d, J =2.0Hz)
10.8 Hz)
4 22.6  2.59 (s, H-4a) 26.8  2.59 (s, H-4a)
2.51 (dd, J =2.0Hz, 2.51 (dd, J =2.0Hz,
3.6 Hz, H-4p) 3.6 Hz, H-4pB)
5(7) 156.5 157.9
6 95.7  5.93(d, J =2.4Hz) 96.4  5.93(s)
8 94.3  5.83(d,J =2.0Hz) 95.8  5.93(s)
9 154.9 157.9
10 97.5 99.4
1’ 129.0 130.7
2, 6 105.2  6.27 (s) 106.8  6.48 (s)
3,5 146.2 146.7
4 132.9 133.8
1" 119.5 121.4
26" 108.9 6.86 (H, s) 110.2  6.93 (s)
3,5 145.8 146.7
4 139.0 139.7
c=0 165.5 167.6

@ Experimental data for GCG were obtained from a previous study [27].
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Culture Collection (ATCC; TIB-71™; Manassas, VA, USA) were cultured
in DMEM supplemented with 10% FBS and 1% P/S. The cells were
incubated at 37 °C in a humidified atmosphere of 95% air and 5% CO».

2.6. In vitro osteoclastogenesis assay

RANKL induces the differentiation of RAW 264.7 cells into mature
osteoclasts in vitro, as previously described [21]. To perform the os-
teoclastogenesis assay, RAW 264.7 cells were seeded in 96-well plates
at a density of 1 x 10> cells per well and allowed to adhere overnight.
The osteoclast precursor cells were pretreated with or without EGCG
(compound 1, 10 uM) or compound 2 (10 uM) for 20 min in the specific
osteoclastogenic medium (DMEM supplemented with 6% FBS and 1%
P/S) and subsequently stimulated with RANKL (50 ng/mL) for 4 days.
TRAP-positive multinuclear cells were visualized using a TRAP staining
kit, according to the manufacturer’s instructions. TRAP-positive multi-
nuclear cells with more than three nuclei in each well were counted as
mature osteoclasts under a light microscope (Olympus, Tokyo, Japan),
and images were acquired with a microscope-aided camera.

2.7. F-actin ring immunofluorescent staining

RAW 264.7 cells (2 x 10* cells per well) were cultured on glass
coverslips in a 12-well plate and incubated overnight. The cells were
pretreated with or without compound 1 (10uM) or compound 2
(10 uM) for 20 min in the specific osteoclastogenic medium and sub-
sequently stimulated with RANKL (50 ng/mL) for 6 days. The cells were
washed, fixed in 4% paraformaldehyde for 10 min, and permeabilized
with 0.1% Triton X-100 for 5min. Subsequently, the cells were in-
cubated in 150 nM TRITC-conjugated phalloidin at 37 °C for 30 min and
then washed with PBS. Finally, the cells were mounted using antifade
mounting medium with DAPI for 2 min. F-actin ring distribution was
visualized using DM2000 fluorescence microscope (Leica). Images were
captured at a magnification of 200X and merged using the ImageJ
software (National Institutes of Health, Bethesda, USA).

2.8. RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

RAW 264.7 cells (1 x 10° cells per well) were seeded in 12-well
plates and allowed to adhere overnight. Subsequently, RAW 264.7 cells
were pretreated with or without compound 1 (10 pM) or compound 2
(10 uM) for 20 min in the specific osteoclastogenic medium and then
stimulated with RANKL (50 ng/mL) for 60 h. Then, total RNA was ex-
tracted from RAW 264.7 cells using TransZol™ Up Reagent (TransGen
Biotech, Beijing, China), according to the manufacturer’s protocol.
First-strand cDNA was synthesized from the isolated RNA (1 ug) using
PrimeScript™ RT Reagent Kit with gDNA Eraser (TaKaRa Bio, Otsu,
Japan), according to the manufacturer’s instructions. Subsequently,
gqRT-PCR was performed on a 7900 HT Fast Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) using the TB Green® Premix
Ex Taq™ II (Tli RNaseH Plus) Reagent (TaKaRa) under the following
conditions: 1 cycle of initial denaturation at 95 °C for 30 s, followed by
40 cycles of denaturation at 95 °C for 5 s and annealing and extension at

Table 2

List of primers used for quantitative real-time PCR (qRT-PCR).
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60 °C for 30s. Primers used for qRT-PCR were selected from previous
studies [21,22] and are listed in Table 2. All reactions were performed
in triplicate in a volume of 10 L. Relative mRNA expression was de-
termined using the comparative 2~ *2“T method and normalized re-
lative to the GAPDH gene (endogenous control).

2.9. Western blot analysis

Cells were washed twice with ice-cold PBS and lysed using RIPA
buffer (Solarbio) on ice for protein extraction. The protein lysates were
quantified using an Enhanced BCA Protein Assay Kit (Beyotime
Biotechnology, Shanghai, China), according to the manufacturer’s in-
structions. To separate the isolated proteins, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed using
equal amounts of proteins, which were then transferred to poly-
vinylidene fluoride (PVDF) membranes (Millipore, Billerica, USA).
Proteins of interest were detected by immunoblotting using specific
primary antibodies, followed by the corresponding horseradish perox-
idase-conjugated secondary antibodies. Hybridization of antibodies to
the proteins was detected using an Ultra-sensitive Enhanced
Chemiluminescent Substrate Kit (Beijing 4A Biotech Co., Ltd; Beijing,
China), and images were captured using a FluorChem E System
(ProteinSimple, San Jose, CA, USA). Band densities were quantified
using AlphaView software (Cell Biosciences, Santa Clara, CA, USA).

2.10. Molecular interaction assay

Interaction between mouse RANK protein and compound 2 was
investigated using biolayer interferometry (BLI) analysis. RANK was
biotinylated using amine-PEG3-biotin, as described previously [23].
Then, the reaction mixture was desalted using Zeba Spin desalting
columns, and the biotinylated RANK protein was immobilized onto the
surface of Super Streptavidin (SSA) biosensors. Increasing concentra-
tions of compound 2 were allowed to interact with the immobilized
RANK at 30°C in PBS (pH 7.4) using an Octet Red 96 instrument
(Fortebio, USA). The final volume of all solutions was 200 pL. Assays
were performed in black solid 96-well flat bottom plates on a shaker set
at 1000 r/min. The association and dissociation of compound 2 with
RANK was measured for 600 s each. Kinetic parameters and affinities
were calculated from a non-linear global fit of the data between com-
pound 2 and RANK using Octet Data Analysis software version 7.0
(Fortebio).

To test whether compound 2 competes with RANKL to bind to its
receptor RANK, a solution competition BLI study was performed using
the Octet Red 96 instrument. Briefly, compound 2 (0 or 10 uM) was
preincubated with immobilized RANK for 720s. Then, 0.4 uM RANKL
containing 0 or 10 uM compound 2 was allowed to interact with im-
mobilized RANK for 420s. Finally, dissociation was followed for
420-840s using 0 or 10 uM compound 2.

2.11. Statistical analysis

All experimental data were expressed as mean *+ standard error of

Gene Forward primer (5'—3") Reverse primer (5'—3)

GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
c-Src CCAGGCTGAGGAGTGGTACT CAGCTTGCGGATCTTGTAGT
TRAP GCTGGAAACCATGATCACCT GAGTTGCCACACAGCATCAC
cathepsin K CTTCCAATACGTGCAGCAGA TCTTCAGGGCTTTCTCGTTC
(3-Integrin TGACATCGAGCAGGTGAAAG GAGTAGCAAGGCCAATGAGC
MMP-9 CGTCGTGATCCCCACTTACT AACACACAGGGTTTGCCTTC
NFATc1 TGGAGAAGCAGAGCACAGAC GCGGAAAGGTGGTATCTCAA
c-Fos CAAGCGGAGACAGATCAACTTG TTTCCTTCTCTTTCAGCAGATTGG
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Fig. 1. High performance liquid chromatography (HPLC) analysis of the reaction of (-)-epigallocatechin-3-gallate (EGCG) with phosphate buffer. (A) EGCG. (B)
Reaction of EGCG with 0.5M phosphate buffer (Na,HPO,4; pH 5.8) at 60 °C for 2 h.

the mean (SEM) of at least three independent experiments. Statistical
analysis was performed using the Student’s t-test and differences at
P < 0.05 were considered statistically significant. All analyses were
performed using SPSS 17.0 (Chicago, IL, USA) and GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA, USA).

3. Results and discussion
3.1. Chemical oxidation and structural determination of EGCG

Chemical oxidation of EGCG has been reported using various oxi-
dative compounds, including K3[Fe(CN)¢] [24], CuSO4 [25], and CuCl,
[25], that triggered the formation of dimers such as theaflavins, thea-
sinensins, and oolongtheanins and other polymers. Generally, EGCG is
oxidized in solution (indicated by changing colors), leading to the
formation of an isomer, (-)-gallocatechin gallate (GCG), under acidic
catalytic conditions [26,27]. In this study, the chemical oxidation of
EGCG was based on the method reported by Xie et al. [27]. EGCG was
dissolved in 0.05 M Na,HPO, (pH 5.8) at 60 °C for 2 h, and the mixture
was analyzed by HPLC. Interestingly, compound 2 was obtained as the
major product on the HPLC spectrum (Fig. 1), with a yield of 60% after
extraction and evaporation.

Compound 2 was obtained as a white amorphous powder. One
[M—H]~ peak on the MS spectrum demonstrated that the molecular
weight of compound 2 was 457, implying that it was an EGCG ana-
logue. On the other hand, in the "H-NMR spectra (Table 1), the proton
at C-2 (5.52 ppm, d, J =2.4Hz) and C-3 (4.96 ppm, d, J =2.0 Hz) ap-
peared as a double peak, indicating a cis-relationship between H-2 and
H-3; this product was identified as GCG [27]. The bond between C-2
and O atom was broken under acid catalysis, and the carbon atom at the
C-2 position formed tertiary carbocation transition states, generating
GCG (Fig. 2).

EGCG1

H
HO &Y
J.

3.2. Compound 2 is a stronger inhibitor of osteoclast differentiation than
EGCG

Numerous studies suggest that tea and its active components,
especially catechins, prevent and treat osteoporosis by improving bone
mineral density and stimulating osteoblast differentiation, while sup-
pressing osteoclast formation and differentiation [28-30]. EGCG and its
derivatives have been reported to exhibit positive effects on bone me-
tabolism [31,32]. However, comparative studies on the anti-osteoclas-
togenesis activity of EGCG and its oxidation derivative are relatively
limited. To investigate whether the inhibitory effect of compound 2
(GCG) on RANKL-induced osteoclast differentiation was comparable
with that of EGCG, we treated RAW 264.7 cells with RANKL (50 ng/mL)
in the presence of EGCG or compound 2 (10 uM) for 4 days, and TRAP
staining was performed to detect osteoclast formation. RAW 264.7 cells
differentiated into mature osteoclasts after RANKL stimulation
(P < 0.001; Fig. 3). When 10 uM of compound 2 was added to the re-
action, the RANKL-induced osteoclast formation was almost completely
inhibited. However, when EGCG was added to the reaction at the same
concentration (10 uM), osteoclast differentiation was only partially in-
hibited (Fig. 3), which is consistent with the result of a previous study
[33]. Compared with EGCG treatment, the number of TRAP-positive
multinuclear osteoclast cells decreased significantly following treat-
ment with compound 2 (P < 0.01; Fig. 3). These results suggest that
compound 2 is a stronger inhibitor of RANKL-induced osteoclast dif-
ferentiation than EGCG.

3.3. Compound 2 is a stronger inhibitor of RANKL-stimulated F-actin ring
formation than EGCG

Mature osteoclasts secrete several proteinases and pump out protons
to resorb the bone and form a characteristic actin ring structure to
confine the acidic resorbing microenvironment [34]. In this study,
mature osteoclasts formed many characteristic circular F-actin rings in
the periphery of cells after RANKL stimulation (P < 0.001; Fig. 4).

OH

compound 2

Fig. 2. Schematic representation of a plausible mechanism for the conversion of EGCG to GCG.
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Fig. 3. Compound 2 inhibits osteoclast differ-

o entiation more effectively than EGCG. RAW
264.7 cells were pretreated with or without

compound 1 (EGCG, 10puM) or compound 2

5 (10pM) for 20min in an osteoclastogenic
- medium and subsequently stimulated with
RANKL (50ng/mL) for 4 days. Cells were

stained with TRAP; TRAP-positive multi-

o= nuclear cells with more than three nuclei in
each well were counted under a microscope

No. of TRAP positive cells/well

o

However, treatment with EGCG or compound 2 significantly suppressed
the formation of F-actin rings (P < 0.001). Unsurprisingly, compound 2
inhibited RANKL-stimulated F-actin ring formation more strongly than
EGCG (P < 0.01).

3.4. Compound 2 significantly inhibits the expression of osteoclastogenesis-
related marker genes and proteins more than EGCG

Osteoclast differentiation and activation are executed directly by
the expression of a large number of marker genes, such as c-Src, TRAP,
cathepsin K, B3-Integrin, and MMP-9 [8,21]. To further confirm that
compound 2 inhibits RANKL-induced osteoclastogenesis more effec-
tively than EGCG, we examined the expression of osteoclastogenesis-
specific marker genes and proteins after treatment with EGCG or
compound 2. The results of qRT-PCR analysis demonstrated that the
mRNA expression levels of c-Src, TRAP, cathepsin K, 33-Integrin, and
MMP-9 were significantly increased by the stimulation of RANKL
(P < 0.001; Fig. 5A-E) but significantly down-regulated after treatment
with EGCG or compound 2 (P < 0.01). Compared with EGCG treat-
ment, the expression of these osteoclastogenesis-specific marker genes
significantly decreased following compound 2 treatment (P < 0.001).
Additionally, EGCG or compound 2 significantly suppressed the ex-
pression of osteoclast-related marker proteins, including c-Src, TRAP,
and cathepsin K (P < 0.01; Fig. 5F-I). Furthermore, compound 2 in-
hibited the protein expression of c-Src and TRAP significantly more

DAPI F-actin

Merge

Control

(original magnification 40X). Representative
images are shown. Data represent mean *
standard error of mean (SEM) of three in-
& dependent replicates. ~P < 0.001 compared
with the control; *##P < 0.001 compared
with RANKL treatment only; $$p < 0.01
& compared with compound 1 treatment.

effectively than EGCG (P < 0.001; Fig. 5F-H), which was consistent
with the results of qRT-PCR analysis.

3.5. Compound 2 significantly suppresses RANKL-induced expression of
NFATc1 and c-Fos more than EGCG

Many transcription factors are essential for promoting osteoclast-
related gene expression during osteoclastogenesis [8,9]. To understand
the inhibitory mode of action of compound 2 on RANKL-induced os-
teoclast differentiation, the expression of NFATcl and c-Fos, master
transcriptional regulators of osteoclastogenesis [34], were examined
using qRT-PCR and western blotting analysis. The results showed that
mRNA and protein expression levels of NFATcl and c-Fos were sig-
nificantly increased by the stimulation of RANKL (P < 0.001; Fig. 6)
but significantly decreased following treatment with EGCG or com-
pound 2 (P < 0.05). In addition, compound 2 significantly suppressed
the expression of these key transcription factors more than EGCG
(P < 0.05; Fig. 6). On the basis of these results, we confirmed the in-
hibitory effect of the EGCG oxidation derivative (compound 2) on
RANKL-induced osteoclastogenesis in RAW 264.7 cells.

3.6. Compound 2 inhibits RANKL-induced phosphorylation of p65 and
MAPK in RAW 264.7 cells

To further illuminate the molecular mechanisms underlying the
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Fig. 4. Compound 2 inhibits RANKL-stimulated F-actin ring formation more strongly than EGCG. RAW 264.7 cells were pretreated with or without compound 1
(EGCG, 10 uM) or compound 2 (10 uM) for 20 min in an osteoclastogenic medium and subsequently stimulated with RANKL (50 ng/mL) for 6 days. F-actin rings and
nuclei were stained with TRITC-conjugated phalloidin and DAPI, respectively. Representative images are displayed (original magnification 200X); images were
merged using the ImageJ software. Data represent mean * SEM of three independent replicates. “"P < 0.001 compared with the control; **#P < 0.001 compared

with RANKL treatment only; **P < 0.01 compared with compound 1 treatment.
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Fig. 5. Compound 2 significantly inhibits the expression of osteoclastogenesis-related marker genes and proteins more than EGCG. RAW 264.7 cells were pretreated
with or without compound 1 (EGCG, 10 uM) or compound 2 (10 uM) for 20 min in an osteoclastogenic medium and subsequently stimulated with RANKL (50 ng/mL)
for 60 h. (A-E) Analysis of c-Src (A), TRAP (B), cathepsin K (C), f3-Integrin (D), and MMP-9 (E) genes by qRT-PCR. (F) Western blotting analysis of c-Src, TRAP, and
cathepsin K proteins. Representative images are shown. (G-I) Gray densities of bands corresponding to c-Src (G), TRAP (H), and cathepsin K (I) quantified using

AlphaView software. Data represent mean *

SEM of three independent replicates. ~'P < 0.001 compared with the control; **P < 0.01 and *#*#P < 0.001

compared with RANKL treatment only; ***P < 0.001 compared with compound 1 treatment. ns, not significant.

inhibitory effects of compound 2 on RANKL-induced osteoclastogenesis
and NFATcl and c-Fos expression, we examined the effects of com-
pound 2 on RANKL-induced early canonical RANK signaling pathways,
including NF-kB and MAPK (JNK, ERK, and p38), which activate key
transcription factors such as NFATcl and c-Fos during osteoclastogen-
esis [8,9]. Phosphorylation of these signaling molecules was observed
in RAW 264.7 cells at 5min after RANKL treatment (Fig. 7A). Within
60 min of stimulation with RANKL, phosphorylation of p65 (P < 0.01;
Fig. 7B), JNK (P < 0.01; Fig. 7C), ERK1/2 (P < 0.01; Fig. 7D), and p38
(P < 0.05; Fig. 7E) relative to total p65, total JNK, total ERK1/2, and
total p38 were significantly suppressed by compound 2 treatment in
RAW 264.7 cells. Collectively, these results indicate that compound 2
exerts an inhibitory effect on RANKL-stimulated NF-kB and MAPK ac-
tivation pathways.

3.7. Compound 2 binds to RANK with high affinity and blocks
RANKL-RANK interactions

Protein-protein interactions between RANKL and RANK are known
to manipulate the differentiation and activation of osteoclasts during
bone remodeling and are therefore considered a pivotal therapeutic
target for the treatment of osteoporosis [35]. Given the inhibitory ef-
fects of compound 2 on RANKL-induced early RANK signaling path-
ways including p65, JNK, ERK, and p38, we further examined whether
compound 2 blocks RANKL-RANK interactions. First, the binding affi-
nity of compound 2 for RANK was detected using BLI analysis (Fig. 8A).
The results showed that compound 2 directly interacts with RANK. The
apparent association (K,,) and dissociation (K,g) constants of com-
pound 2 were estimated as 2.27 x 10> M~ 's™! and 4.28 x 10° s,
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respectively, and RANK-binding affinity (Kp) was estimated as 189 nM
(Fig. 8A). These data suggest that the RANK-compound 2 complex is
relatively stable. Next, solution competition BLI assay revealed that
compound 2 has the ability to compete with RANKL to bind to its re-
ceptor RANK (Fig. 8B), suggesting that compound 2 blocks RANKL~-
RANK interactions. These results suggest the receptor RANK as a po-
tential direct interaction target of compound 2 in the inhibition of
osteoclastogenesis, although this needs further verification in the fu-
ture.

To maintain bone homeostasis, a balance must be achieved between
bone resorption and bone formation [1]. Tea catechin EGCG has been
shown to enhance osteoblast differentiation [36]. However, whether
the oxidation derivative of EGCG, compound 2, could stimulate

osteoblast differentiation needs further investigation. Additionally,
there is an urgent need to investigate the potential anti-osteoporosis
effects of compound 2 in vivo.

4. Conclusion

In this study, we demonstrated for the first time that an EGCG
oxidation derivative (compound 2) inhibits RANKL-induced osteoclas-
togenesis and F-actin ring formation more effectively than EGCG
through the down-regulation of NFATcl and c-Fos. Compound 2
showed binding to RANK with high affinity (Kp = 189 nM) and blocked
RANKL-RANK interactions, thereby suppressing RANKL-induced early
RANK signaling pathways including p65, JNK, ERK, and p38 in
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Fig. 7. Compound 2 suppresses RANKL-stimulated phosphorylation of p65 and MAPK. (A) RAW 264.7 cells were pretreated with or without compound 2 (10 uM) for
3 h in serum-free medium and then stimulated with RANKL (50 ng/mL) for the indicated times. Cell lysates were subjected to western blotting using the indicated
primary antibodies. Representative images are shown. (B-E) Quantification of the ratios of band intensity relative to total p65 (B), total JNK (C), total ERK1/2 (D),
and total p38 (E). Data are expressed as mean * SEM of three independent experiments. Asterisks indicate significant differences compared with the RANKL
treatment at the same time point (P < 0.05; P < 0.01; P < 0.001).
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Fig. 8. Compound 2 binds to RANK with high affinity and blocks RANKL-RANK interactions. (A) BLI sensorgrams indicating the interactions between gradient
concentrations of compound 2 and RANK were measured on an Octet Red 96 system, with association and dissociation for 600 s each. These sensorgrams were used
to determine the binding affinity (Kp), association constant (K,,), and dissociation constant (Kog). (B) Compound 2 competes with RANKL to bind to its receptor
RANK in the solution competition BLI assay. Compound 2 (0 or 10 pM) was preincubated with 0.4 pM RANKL prior to interaction with immobilized RANK.
Sensorgrams correspond to the phases of association and dissociation for 420 s each.
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osteoclast precursors.
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