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Osteoporosis is a prevalent skeletal condition characterized by reduced bone mass and
strength, leading to increased fragility. Bugi-Tongluo (BQTL) decoction, a traditional Chinese
medicine (TCM) prescription, has yet to be fully evaluated for its potential in treating bone
diseases such as osteoporosis. To investigate the mechanism by which BQTL decoction inhib-
its osteoclast differentiation in vitro and validate these findings through in vivo experiments.
We employed MTS assays to assess the potential proliferative or toxic effects of BQTL on bone
marrow macrophages (BMMs) at various concentrations. TRAcP experiments were conduc-
ted to examine BQTL'’s impact on osteoclast differentiation. RT-PCR and Western blot ana-
lyses were utilized to evaluate the relative expression levels of osteoclast-specific genes and
proteins under BQTL stimulation. Finally, in vivo experiments were performed using an osteo-
porosis model to further validate the in vitro findings. This study revealed that BQTL sup-
pressed receptor activator of NF-«B ligand (RANKL)-induced osteoclastogenesis and osteo-
clast resorption activity in vitro in a dose-dependent manner without observable cytotoxicity.
The inhibitory effects of BQTL on osteoclast formation and function were attributed to the
downregulation of NFATc1 and c-fos activity, primarily through attenuation of the MAPK, NF-
kB, and Calcineurin signaling pathways. BQTL’s inhibitory capacity was further examined in
vivo using an ovariectomized (OVX) rat model, demonstrating a strong protective effect
against bone loss. BQTL may serve as an effective therapeutic TCM for the treatment of post-
menopausal osteoporosis and the alleviation of bone loss induced by estrogen deficiency and
related conditions.

1. Introduction

skeletal adaptation to mechanical stimuli, and maintenance of
calcium homeostasis °. However, pathological remodeling can oc-

Bone undergoes continuous remodeling or turnover, a com-

plex process primarily driven by the coordinated activities of os-

. . . . 1,2
teoclastic bone resorption and osteoblastic bone formation

Physiological remodeling plays a crucial role in fracture healing,
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cur when the balance between bone formation and resorption is
disrupted, leading to various bone disorders such as osteoporos-
is and osteopetrosis *.

Estrogen plays a crucial role in bone homeostasis, regulating
bone mass and strength through its influence on osteoblast and
osteoclast activity °. It inhibits bone remodeling by directly redu-
cing osteoclastic bone resorption and enhancing osteoblastic
bone formation by binding to estrogen receptors °. Consequently,
estrogen deficiency can lead to increased bone turnover and bone
loss. A significant proportion of postmenopausal women experi-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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ence substantial bone loss or osteoporosis associated with the
rapid decline in estrogen levels within 1-2 years after meno-
pause, a condition known as postmenopausal osteoporosis.

Osteoclasts are multinucleated giant cells that function as the
primary bone-resorbing cells, playing a crucial role in bone re-
modeling and calcium homeostasis . These cells are formed
through a complex process called osteoclastogenesis, which
primarily involves the fusion of mononuclear progenitor cells
(precursors) from the monocyte/macrophage lineage. The differ-
entiation of osteoclasts requires the activation of at least three
signaling pathways, triggered by several cytokines, including
macrophage colony-stimulating factor (M-CSF) and receptor ac-
tivator of NF-xB ligand (RANKL), along with their associated tran-
scriptional factors or cytokines ®°. M-CSF and rRANKL are the
most critical factors and are sufficient to induce the expression of
genes that commit circulating osteoclast precursors to form ma-
ture osteoclasts. These genes include Acp5 (encoding tartrate-
resistant acid phosphatase, TRAcP), CTSK (encoding cathepsin
K), CALCR (encoding calcitonin receptor), and ITGB3 (encoding
B3-integrin) '°. M-CSF promotes the survival and proliferation of
osteoclast precursors by binding to its sole cell-surface receptor,
c-Fms '". The binding of M-CSF to c-Fms activates extracellular
signal-regulated kinase (ERK) through the phosphorylation of
growth factor receptor-bound protein 2 > ", RANKL is a crucial
component of the RANK/RANKL/osteoprotegerin (OPG) signal-
ing pathway. It binds to the surface receptor of osteoclast pre-
cursors, RANK, and drives the precursors to commit to osteo-
clasts, which subsequently express osteoclast phenotypic mark-
ers such as calcitonin receptor and TRAcP '* °. Following stimu-
lation with M-CSF and RANKL, the differentiated preosteoclasts
fuse to form multinucleated mature osteoclasts, which express
mature osteoclast phenotypic markers such as CTSK and MMP9.

Bugi-Tongluo (BQTL) recipe is a traditional Chinese medi-
cine (TCM) prescription comprising several Chinese herbs, in-
cluding Huangqi (Radix Astragali), Renshen (Radix et Rhizoma
Ginseng), Danggui (Radix Angelicae Sinensis), Chuanxiong
(Rhizoma Chuanxiong), and Dilong (Pheretima). In TCM theory,
BQTL is believed to enhance “Qi-blood” circulation and has been
utilized to promote axon regeneration via its anti-inflammatory
and anti-oxidative properties '*"°. However, its potential role in
preventing bone loss or osteoporosis remains undetermined.
This study investigates the effect of BQTL on RANKL-stimulated
osteoclastogenesis in vitro and verifies its therapeutic role using
an osteoporotic ovariectomized (OVX) rat model in vivo. Addi-
tionally, we examine its underlying mechanisms involved in es-
sential signaling pathways stimulated by RANKL, including MAPK
signaling, NF-xB signaling, and calcium signaling.

2. Materials and methods

2.1. Materials, reagents, and antibodies

BQTL capsules were provided by the Guangzhou University
of Chinese Medicine (Guangzhou, China) and dissolved in dis-
tilled water at a concentration of 30 mg/100 mL for final work-
ing dilutions. Fetal bovine serum (FBS) and MEMa (Minimum Es-
sential Medium o) were obtained from Thermo Fisher Scientific
Australia (Malaga, WA, Australia). Luciferase assay and MTS as-
say kits were procured from Promega Corporation (Sydney, NSW,
Australia). Primary antibodies against NFATc1 (Cat# sc-7294), c-
Fos (Cat# sc-398595), V-ATPase d2 (Cat# sc-517031), integrin-
B3 (Cat# sc-21783), CTSK (Cat# sc-48353), ERK (Cat# sc-5294),
JNK (Cat# sc-7345), p38 (Cat# sc-81621), IxB-« (Cat# sc-7294), p-
ERK (Cat# sc-7383), p-JNK (Cat# sc-6254), p-p38 (Cat# sc-
166182), and B-actin (Cat# sc-8432) were sourced from Santa
Cruz Biotechnology (Dallas, TX, USA). Primary anti-vinculin anti-
body (mouse monoclonal) was acquired from solution (Sigma-
Aldrich) (Castle Hill, NSW, Australia). Recombinant glutathione S-
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transferase (GST)-rRANKL protein was expressed and purified as
previously described *’. Recombinant human M-CSF was ob-
tained from R&D Systems (Minneapolis, MN, USA). The second-
ary antibody Alexa 488 Fluor® goat anti-mouse IgG was procured
from Thermo Fisher Scientific Australia, while DAPI (4,6-di-
amidino-2-phenylindole) was sourced from Santa Cruz Biotech-
nology (Dallas, TX, USA).

2.2. Cell culture and osteoclastogenesis

Fresh bone marrow macrophages (BMMs) were isolated
from C57BL/6] mice (6 weeks old) following a protocol ap-
proved by the Animal Ethics Committee of the University of West-
ern Australia (RA/3/100/1601). Briefly, fresh bone marrow was
extracted from the femur and tibia, then cultured in a complete
medium consisting of a-MEM, 10% FBS, penicillin-streptomycin
solution (100 units'mL™" and 100 pug-mL™", respectively), and 50
ng-mL™ M-CSF. Upon reaching full confluence, BMMs were
seeded in 96-well plates at a density of 1 x 10° cells per well in a
complete medium supplemented with 50 ng-mL™ RANKL. The
cells were subsequently treated with a series of BQTL dilutions
(0.25, 0.5, 0.75, and 1.0 mg-mL™", respectively) for the designated
period. To determine the affected stage of osteoclastogenesis, 1.0
mg-mL™" BQTL was added to the cells in a complete medium and
M-CSF. The complete medium was replenished every 2 days,
along with fresh GST-rRANKL and BQTL, until multinucleated
cells were observed under a light microscope. The cells were then
fixed with 2.5% glutaraldehyde for 10 min, washed twice with
PBS, and subjected to TRAcP staining. Osteoclasts were identi-
fied by positive TRAcCP staining and multiple nuclei under a
standard light inverted microscope.

2.3. MTS assay for cell viability

BMMs were seeded into 96-well plates (5 x 10° cells/well)
and cultured overnight. The following day, cells were exposed to
various BQTL dilutions (0.25, 0.5, 0.75, 1.0 mg-mL'l, respect-
ively) for 48 h. Upon completion of the incubation period, MTS
reagent was added to the cells and incubated at 37 °C for an addi-
tional 2 h. The absorbance at 490 nm was measured using a plate
reading spectrophotometer (BMG Labtech, Mornington, Aus-
tralia).

2.4. Visualization of osteoclasts and podosome belts

To visualize podosome belts, BMMs were cultured in 96-well
plates (5 x 10° cells/well) beneath FBS-coated coverslips (5 mm
diameter). The cells were maintained in a complete medium con-
taining 50 ng-mL™" M-CSF. From the second day onward, cells
were exposed to GST-rRANKL (50 ng-mL™") with or without BQTL
(0, 0.75, 1.0 mg:mL™, respectively) for six days, until multinuc-
leated osteoclasts were observed microscopically. Subsequently,
osteoclasts were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.1% Triton X-100 for 10 min. Non-specific
binding was blocked using 3% BSA in PBS for 1 h. The cells were
then incubated overnight at 4 °C with mouse anti-vinculin anti-
body (1:200 dilution), followed by PBS washing. Alexa 488
Fluor® goat anti-mouse IgG secondary antibody was applied to
generate green fluorescent signals. The cytoskeletal F-actin belt
was labeled with rhodamine phalloidin in darkness for 90 min.
After PBS washing, cells were stained with DAPI for 10 min and
mounted using ProLong Gold Antifade Mountant (Thermo Fisher
Scientific). Podosome belts were visualized using a NIKON A1Si
spectral detector confocal system (Nikon Corporation, Tokyo, Ja-

pan).
2.5. Hydroxyapatite resorption assay

The function of osteoclasts is crucial for maintaining bone
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homeostasis, beyond their formation and morphology *'. To eval-
uate BQLT’s effect on osteoclast function, we employed a hy-
droxyapatite resorption assay as previously described ***’. BMMs
(1 x 10° cells/well) were seeded in collagen-coated plates (BD
Biocoat™, Thermo Fisher Scientific) and incubated in complete
aMEM with M-CSF. After overnight attachment at 37 °C, cells
were stimulated with GST-rRANKL (50 ng-mL™") until osteoclasts
were visible under a light microscope. The cells were then gently
harvested using enzyme-free cell dissociation Sigma-Aldrich,
counted, and seeded in Corning® Osteo Assay Surface hy-
droxyapatite-coated plates (Corning, NY, USA) with an equal
number of multinucleated cells. These cells were treated with
BQLT at various concentrations (0, 0.75, and 1.0 mg:mL™") in a
complete aMEM containing M-CSF and GST-rRANKL. After 48 h of
culture, half of the hydroxyapatite-coated wells were fixed and
stained for TRACP activity and osteoclast counting. Cells in the re-
maining wells were washed with 10% bleach, andthe hy-
droxyapatite resorption pit areas were photographed using a
Nikon microscope (Nikon Corporation) and quantified with Im-
age] software (NIH, Bethesda, MD) **. The percentage of hy-
droxyapatite surface resorbed by osteoclasts was calculated.

2.6. RNA isolation and quantitative real-time PCR (qRT-PCR)

Freshly isolated BMMs from C57BL/6 mice were cultured
and seeded in six-well plates (1 x 10° cells/well). BMMs were
stimulated with M-CSF and GST-rRANKL without or with BQTL at
two concentrations (0.75 and 1.0 mg-mL™) for 6 days until multi-
nucleated cells were observed. Total RNA extraction from the
cells using the TRIzol reagent was performed according to the
manufacturer’s instructions (Thermo Fisher Scientific). Single-
stranded cDNA was reverse transcribed from 1 pg of the total
RNA using M-MLV reverse transcriptase with OligoDT primer
(Promega, Sydney, NSW, Australia). QRT-PCR was conducted us-
ing SYBR Green PCR MasterMix supplied by Thermo Fisher Sci-
entific. The PCR amplification was programmed on a ViiA 7 Real-
time PCR thermal cycler (Applied Biosystems, Warrington,
Cheshire, UK) as follows: initial denaturation for 10 min at 94 °C,
followed by 40 cycles of 15-sec denaturation at 94 °C, annealing
for 60 sec at 60 °C and extension for 2 min at 72 °C. The specific
primers used for PCR reactions are as follows: C-fos (Forward: 5'-
GCGAGCAACTGAGAAGAC-3'; Reverse: 5'-TTGAAACCCGAGAA-
CATC-3"), Nfatcl (Forward: 5'-GGAGAGTCCGAGAATCGAGAT-3";
Reverse: 5'-TTGCAGCTAGGAAGTACGTCT-3"), Ctsk (forward: 5'-
GGGAGAAAAACCTGAAGC-3"; reverse: 5'-ATTCTGGGGACTCA-
GAGC-3"), Acp5 (forward: 5'-TGTGGCCATCTTTATGCT-3'; reverse:
5'-GTCATTTCTTTGGGGCTT-3"), Actb (forward: 5'-CACTGTGC-
CCATCTACGA-3'; reverse: 5'-TGATGTCACGCACGATTT-3"), and
Hprtl (Forward: 5'-GTTGGGCTTACCTCACTGCT-3'; Reverse: 5'-
TAATCACGACGCTGGGACTG-3"). The mRNA expressions of the os-
teoclast-specific genes (including C-fos, Nfatc1, Ctsk, and Acp5)
were normalized to the average C, value of two housekeeping
genes (Actb and Hprt1) using the comparative C, method (27*“).

2.7. Luciferase reporter assays in vitro

For luciferase reporter assays, the NFATc1 responsive luci-
ferase reporter construct and the NF-«B responsive luciferase re-
porter construct were stably transfected in RAW264.7 cells
(ATCC® TIB-71™, Manassas, VA, USA) ***. The cells were seeded
in 48-well plates overnight at densities of 5 x 10* cells/well and
1.5 x 10° cells/well, respectively. The following day, cells were
pretreated with BQTL at various concentrations (0, 0.25, 0.5,
0.75, 1.0 mg-mL™) for 1 h, then stimulated with 50 ng-mL™" GST-
rRANKL for 6 h for NF-kB luciferase assays and 24 h for NFATc1
luciferase assays. After completion, cells were lysed and centri-
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fuged. Luciferase activity was measured and quantified accord-
ing to the manufacturer’s protocol for the Promega Luciferase As-
say System (Promega, Sydney, NSW, Australia) using a PO-
LARstar Optima luminescence reader (BMG LABTECH, Orten-
berg, Germany) as previously described *°.

2.8. Western blot assay

Freshly isolated BMMs were seeded in 6-well plates (1 x 10°
cells/well) and treated with GST-rRANKL (50 ng-mL™") with or
without BQTL for specified durations. Cells were lysed using radi-
ation immune precipitation (RIPA) pyrolysis buffer. Proteins
were extracted and separated by SDS-PAGE and transferred to a
PVDF membrane (GE Healthcare Life Sciences, Silverwater, NSW,
Australia). The membrane was blocked for 1 h with 5% skim milk
solution to prevent non-specific binding. Subsequently, mem-
branes were incubated with specific primary antibodies at 4 °C
with gentle shaking overnight. The following day, membranes
were gently washed three times with PBST, and incubated with
appropriate horseradish peroxidase (HRP)-linked secondary an-
tibodies from Thermo Fisher Scientific at room temperature (20
to 25 °C) for 1 h prior to detection. Antibody detection was per-
formed after signal enhancement using the Amersham ECL Prime
Western Blot Detection Reagent Kit (GE Healthcare Life Sciences).
Digital images of the membranes were captured on an Im-
ageQuant LAS 4000 (GE Healthcare Life Sciences) and analyzed
using Image] software.

2.9. Ca*" oscillation assay

BMMs were seeded into 48-well plates (1 x 10* cells/well)
and cultured under various conditions for 24 h. The negative con-
trol group comprised cells cultured with M-CSF (50 ng-mL™)
only. The positive control group included cells stimulated with
both GST-rRANKL (50 ng-mL™") and M-CSF (50 ng-mL™"). The
treatment group consisted of cells cultured with the same doses
of GST-rRANKL and M-CSF as the positive control group, with the
addition of BQTL (1.0 mg-mL™). Following incubation, the cells
were rinsed twice with a HANKS balanced salt solution contain-
ing 1% FBS and 1 mmol-L™" probenecid, then stained with a calci-
um dye (Fluo4, 4 umol-L™) in darkness for 50 min. Subsequently,
cells were washed with a HANKS-balanced salt solution and in-
cubated in darkness at room temperature for 25 min. Cell fluores-
cence intensity was visualized using a Nikon A1l laser-scanning
fluorescence microscope. Time-lapse images were captured at 2-
sec intervals for 3 min. Cells exhibiting oscillations with two or
more distinct calcium peaks were identified and counted, and the
oscillation intensity was analyzed using the NIS-Elements Basic
Research Microscope Imaging Software (Nikon, Tokyo, Japan).

2.10. OVX rat model

Seventeen pathogen-free female rats (Sprague-Dawley) were
obtained from the Guangzhou University of Chinese Medicine
(Guangzhou, China). The rats were maintained according to the
standards for the care and use of experimental animals (Approv-
al No. TCMF1-2018011). They were randomly divided into four
groups: sham (n = 3), OVX (n = 6), and two OVX groups treated
with different doses of BQTL (n = 4 each). All rats were housed in
individually ventilated cages under a 12:12 h light-dark cycle at
24 °C for 7 days prior to surgery. Surgical procedures were con-
ducted following the protocol described previously **. The sham
control group underwent a sham-operated procedure, while OVX
was performed to create an estrogen-deficient model. Seven days
post-OVX procedure, rats in the OVX + BQTL groups were admin-
istered BQTL (250 and 500 mg-kg ™" as the low and high dose, re-
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spectively) every 2 days. The sham and OVX groups received PBS
(250 mg-kg™) on the same schedule. After 6 weeks of treatment,
rats were euthanized, and their femurs were collected for micro-
computed tomography (LCT) scanning and analysis.

2.11. Micro-CT scanning and analysis

After euthanasia, the hindlimbs were dissected, and the
femurs were extracted following the removal of skin and most of
the surrounding soft tissues. The femurs were fixed in 10% neut-
ral buffered formalin for 48 h, washed with 1 x PBS for 48 h, and
stored in 15 mL tubes containing 70% ethanol for long-term stor-
age. Left femurs were scanned using a PCT scanner (Skyscan
1176, Bruker microCT, Kontich, Belgium). Each scan was conduc-
ted under identical conditions: radiation source voltage, 65 kV;
source current, 385 pA; aluminum 1.0 mm filter; pixel size 9 pm;
and 0.4-degree rotation step through 180°. The raw images for
each sample were reconstructed using the accompanying soft-
ware (NRecon) with consistent settings (ring artifact correction,
7; smoothing, 2; beam hardening correction, 40%; and threshold
0.00-0.06) *. A refined region of interest (ROI) for the trabecular
bone was selected half mm above the growth plate of the distal
femur and 2 mm in height. This ROl was semi-automatically
defined by the Skyscan CTAn software and refined with careful
manual checks of each slide within the bone compartment, ex-
cluding cortical bone. A fixed image threshold (50-255) was ap-
plied for binarization to determine trabecular bone. Four essen-
tial parameters, as recommended by the American Society for
Bone and Mineral Research, including bone volume/total volume
(BV/TV), trabecular number (Tb.N), trabecular thickness
(Tb.Th), and trabecular separation (Tb.Sp), were analyzed using
the program CTAn .

2.12. Bone histological preparation and histomorphometric analys-
is

Following the puCT analysis, the left femurs were individually
placed in 15 mL tubes. These tubes were filled with 14% ethyle-
nediaminetetraacetic acid (EDTA) at room temperature, with the
EDTA refreshed every two days until the samples were decalci-
fied. The decalcified samples were subsequently embedded in
paraffin and sectioned in the sagittal plane to produce high-qual-
ity 5 pm thick sections. These sections were then stained with
hematoxylin and eosin (H&E) and TRAcP as previously descri-
bed *. The stained sections were scanned using a uScope MXII Di-
gital Microscope Slide Scanner (Microscopes International, Lub-
bock, TX, USA), and representative images were selected for each
sample. Bone histomorphometric analyses were conducted using
Image] as described previously **. While BV/TV was calculated on
H&E ROls, the percentages of osteoclast number/bone surface
(N.Oc/BS) and osteoclast surface/bone surface (Oc.S/BS) were
calculated on TRAcP ROlIs.

2.13. Statistical analysis

All experiments were conducted in triplicate and replicated
twice. Data were presented as mean * standard deviation (SD).
Statistical analysis was performed using one-way analysis of vari-
ance (ANOVA) followed by a Tukey’s Honest Significant Differ-
ence (HSD) post-hoc test for multiple group comparisons. A P <

0.05 was considered statistically significant.

3. Results

3.1. BQTL alleviates RANKL-induced osteoclastogenesis in vitro

To investigate the impact of BQTL on osteoclastogenesis,
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freshly isolated BMMs were cultured in 96-well plates and
treated with M-CSF and GST-rRANKL in the presence or absence
of varying concentrations of BQTL. As shown in Fig. 1A, numer-
ous TRAcP-positive multinucleated osteoclasts formed under GST-
rRANKL stimulation, while no such cells were observed in the
negative control. BQTL demonstrated a dose-dependent inhibi-
tion of osteoclastogenesis. At a concentration of 0.5 mg-mL™,
BQTL exhibited statistically significant suppression of RANKL-in-
duced osteoclastogenesis, with increased inhibition at higher
doses. The number of osteoclasts per well decreased proportion-
ally with increasing BQTL concentrations (Fig. 1B). To assess the
potential cytotoxicity of BQTL on BMMs, an MTS assay was con-
ducted to evaluate osteoclast viability. BQTL showed no in vitro
cytotoxic effects on BMMs across the tested concentrations (Fig.
1C). Further investigation into which stage of osteoclastogenesis
was affected involved treating BMMs with 1.0 mg-mL™ BQTL at
different time points (Figs. 1D and 1E). Results indicated that
BQTL impaired osteoclast formation and differentiation
throughout all three stages, with the most pronounced effect ob-
served during the early stage (Day 1-3) (Fig. 1F).

To further investigate the impact of BQTL on osteoclast mor-
phology, the cytoskeleton (including podosome belts) and nuclei
of the pretreated cells were visualized using rhodamine-phalloid-
in (red) and anti-vinculin (green). As depicted in Fig. 1G, follow-
ing GST-rRANKL stimulation, mature osteoclasts in the control
group developed characteristic podosome belts and contained at
least three nuclei. In contrast, the treatment groups (0.75, 1.0
mg-mL™") exhibited reduced osteoclast size with fewer nuclei
compared to the control group (Figs. 1H and 11). These observa-
tions corroborated the findings from the TRAcP staining men-
tioned previously.

3.2. BQTL attenuates osteoclastic resorption activity in vitro

We further examined whether BQTL can inhibit osteoclastic
resorption activity in vitro using hydroxyapatite-coated plates.
Mature osteoclasts were treated with various concentrations of
BQTL (0, 0.75, 1.0 mg-mL™") for two days, after which the num-
ber of osteoclasts and percentage of resorption area per well
were quantified. As illustrated in Figs. 2A and 2B, while smaller
osteoclasts were observed in the treatment groups, the number
of osteoclasts remained statistically unchanged compared to the
BQTL-free group. Nevertheless, the resorption area per osteo-
clast decreased significantly in the presence of BQTL in a dose-
dependent manner, suggesting that BQTL could reduce the re-
sorption activity of osteoclasts (Fig. 2C).

3.3. BQTL attenuates osteoclast-specific gene expression

Several osteoclast-specific genes (e.g., c-fos, Nfatcl, Ctsk,
Acp5) are significantly upregulated during osteoclast differenti-
ation *°. This observation provides a basis for investigating the
impact of BQTL on the expression of these genes during RANKL-
induced osteoclastogenesis using quantitative PCR. The study re-
vealed that these osteoclast-related genes were notably upregu-
lated after GST-rRANKL (50 ng-mL™") stimulation for 5 days (Fig.
3). However, in the presence of BQTL (0.75 or 1.0 mg-mL™), the
expression levels of these genes were reduced. Collectively, these
findings further indicate that BQTL attenuates the expression of
osteoclast-specific genes, consistent with its inhibitory effect on
osteoclastogenesis in vitro.

3.4. BQTL represses NFATc1 activity and protein expression
Subsequently, we examined the potential influence of BQTL

on the activity of NFATc1, a key transcription factor in osteoclas-
togenesis *’. To achieve this, we performed stable transfection of
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RAW264.7 cells with an NFATc1 reporter construct to measure
NFATc1 transcriptional activity. As shown in Fig. 4A, NFATc1
activity was significantly upregulated following GST-rRANKL
stimulation. However, this activity was notably suppressed by
BQTL at doses of 0.75 and 1.0 mg:-mL™. As anticipated, time-
course Western blot analysis revealed that NFATc1 expression
was attenuated during osteoclast differentiation (Figs. 4B and
4C). The expression of c-fos, a crucial component of AP1, was also
found to be inhibited by BQTL at the same time points (Figs. 4B
and 4C). Moreover, our results demonstrated that BQTL sup-
pressed the expression of downstream proteins, including V-AT-
Pase-d2, CTSK, and integrin 3, which are associated with osteo-
clast formation and function, primarily three to five days after
BQTL treatment (Figs. 4B and 4C). In summary, BQTL potently in-
hibits NFATc1 and c-fos activity, as well as the expression of
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downstream proteins related to osteoclast formation and func-
tion.

3.5. BQTL suppresses the RANKL-induced MAPK signaling pathway

We also investigated the role of the MAPK signaling pathway
using Western blots. Members of this pathway, including JNK,
ERK, and P38, play crucial roles in regulating AP-1 activity *'.
We assessed the phosphorylation of JNK, ERK, and p38 at vari-
ous time points following GST-rRANKL stimulation. PBS served as
a control to evaluate the effect of BQTL (1.0 mg-mL™") on the
phosphorylation of these MAPK members. As illustrated in Figs.
5A and 5B, BQTL significantly reduced the expression levels
of p-JNK1/2 in BMMs after 5, 20, and 30 min of co-incubation
with GST-rRANKL. Similarly, BQTL suppressed the expression
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Fig. 1 BQTL alleviates RANKL-induced osteoclastogenesis at an early stage. (A) BQTL affected BMMs in TRACP staining dose-dependently. (B) TRAcP-positive multinuc-
leated cells (nuclei > 3) were counted per well. (C) Evaluation of BMMs viability 48 h after BQTL treatment using MTS assay. (D) Effects of BQTL (1.0 mg-mL™) in different
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Fig. 2 BQTL attenuates osteoclastic bone resorption. (A) Osteoclastogenesis and hydroxyapatite resorption. BMMs were treated with GST-rRANKL only as control; treat-
ment groups were set with two doses of BQTL (0.75 and 1.0 mg:mL"", respectively). (B) Quantification of OC number per well. (C) Quantification of hydroxyapatite resorp-
tion area per OC. The scale bar represents 200 um. Data are represented as mean + SD (n = 3). P < 0.05, "P < 0.01 vs BQTL-free group.

of p-ERK1/2 from 5 to 30 min after GST-rRANKL stimulation 5A and 5D). Collectively, these findings indicate that BQTL
(Figs. 5A and 5C). The inhibitory effect of BQTL on the phos- strongly downregulates the RANKL-mediated MAPK signaling
phorylation of P38 was observed across all time points (Figs. pathway.
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3.6. BQTL suppresses NF-xB activation and calcium oscillation

The NF-xB pathway is a crucial signaling pathway activated
during osteoclastogenesis, with IkB-a serving as the primary sig-
naling molecule associated with NF-kB activation ’. BQTL treat-
ment at concentrations of 0.75 and 1.0 mg-mL™" was found to di-
minish NF-kB activity (Fig. 6A). Compared to the GST-rRANKL
plus PBS group, BQTL treatment (1.0 mg-mL™") blocked IxB-« de-
gradation 10-60 min after administration. Additionally, BQTL
suppressed the phosphorylation of P65 at 20, 30, and 60 min
(Figs. 6B and 6C). Ca** oscillations, which are induced by RANKL,
also contribute to NFATc1 activation *’. This study examined the
intensity of calcium oscillations following GST-rRANKL and/or
BQTL treatment. As anticipated, the intensity of calcium oscilla-
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tions decreased by approximately 40% after the addition of 1
mg-mL™" BQTL (Fig. 7). These results collectively suggest that
BQTL could effectively suppress NFATc1 activation, partly due to
the inhibition of both GST-rRANKL-induced NF-«B activation and
Ca® oscillations.

3.7. BQTL alleviates estrogen deficiency-induced bone loss

Following the demonstration of BQTL'’s inhibitory effect on
osteoclast formation and function in vitro, we assessed its thera-
peutic potential in treating bone loss or osteoporosis induced by
estrogen deficiency using an OVX rat model. Micro-CT analysis re-
vealed that bone mass (primarily indicated by BV/TV) in the OVX
rats decreased by approximately 60% compared to the sham
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group (Fig. 8), indicating the successful generation of the OVX
model. Consistent with our in vitro findings, the bone mass was
significantly higher in BQTL-treated OVX rats, as evidenced by in-
creased values of BV/TV and Tb.N in a dose-dependent manner.
Conversely, the Tb.Sp in BQTL-treated OVX rats was significantly
smaller than in OVX rats treated with vehicle (PBS), although no
difference was observed between the low- and high-dose groups.
Interestingly, Tb.Th, a parameter generally positively correlated
with BV/TV and Tb.N, showed no statistically significant differ-
ence among all groups.

Histomorphometric analyses further corroborated the uCT
findings (Fig. 9). The BV/TV in the OVX group was significantly
reduced compared to the sham group. Moreover, BV/TV values
increased in OVX rats treated with BQTL, with higher doses cor-
responding to greater BV/TV values. Conversely, the OVX group
exhibited elevated Oc.S/BS and N.Oc/BS compared to the sham
group, while these values decreased significantly in the treat-
ment groups in a dose-dependent manner.

4. Discussion

Osteoporosis, the most prevalent skeletal condition, is char-
acterized by reduced bone mass and strength, leadingto in-
creased fragility. The incidence of osteoporosis is particularly
high in postmenopausal women due to estrogen deficiency and
excessive osteoclast activity *> *. This condition has become a
major health concern in modern society as the burden of osteo-
porotic fractures continues to grow. Despite the availability of
several classes of drugs for the clinical treatment of osteoporosis,
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Fig. 8 BQTL alleviates estrogen deficiency-induced bone loss. (A) Trabecular bone mages of distal femurs were dissected from sham, OVX + PBS, and OVX + BQTL groups
(low and high, respectively). (B) Quantitative analysis of four essential parameters, including bone volume/total volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and trabecular separation (Tb.Sp). Data are represented as mean * SD. P < 0.05, "P < 0.01 vs OVX + PBS (Sham, n = 3; OVX, n = 6; and OVX groups treated

with two different doses of BQTL, n = 4).

there is an urgent need to develop novel therapeutic strategies to
address bone loss, given the limited applications and adverse ef-
fects of certain existing medications *>*°. Considerable research
has been directed towards identifying alternative treatments for
osteoporosis and related diseases from natural compounds
and/or TCM 222337 In this context, we sought to elucidate the
mechanisms of BQTL, a potential TCM recipe used for promoting
axon regeneration **, in inhibiting osteoclastogenesis and to veri-
fy its potential as a novel alternative treatment for osteoporosis.
This study demonstrates that BQTL suppresses osteoclastogenes-
is in vitro and alleviates ovariectomy (OVX)-induced bone loss in
vivo via the suppression of NFATc1 expression and downregula-
tion of the NF-«kB pathway, MAPK pathway, and calcium oscilla-
tions (Fig. 10).

The cell-based in vitro experiments, including osteoclast cul-
ture and hydroxyapatite resorption assay, revealed that BQTL in-
hibited GST-rRANKL-induced osteoclastogenesis at a concentra-
tion of 0.5 mg'mL™" and enhanced its efficacy against osteoclast
differentiation at higher doses without compromising cell viabil-
ity. The results demonstrated that BQTL reduced osteoclast size
and the number of nuclei per cell. Both TRAcP staining and im-
munofluorescence staining showed that BQTL treatment
paired RANKL-induced osteoclastogenesis in a dose-dependent
manner. Further investigation indicated that osteoclast forma-
tion and differentiation were affected across all three stages, but
predominantly during the early stage (Day 1-3) when BMMs
were treated with 1.0 mg-mL™". Notably, no statistically signific-
ant difference in osteoclast number was observed among the
three groups pretreated with or without BQTL after GST-rRANKL
stimulation. These findings suggest that BQTL could mitigate the

im-
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resorption activity of osteoclasts without altering their quantity.

The downregulation of osteoclast-specific genes (including c-
fos, Nfatc1, Ctsk, and Acp5) confirms that BQTL inhibits osteoclas-
togenesis in vitro at the transcriptional level. Through the
NFATc1 responsive luciferase reporter assay and Western blot
analysis, this transcriptional regulator of osteoclastogenesis was
found to be significantly repressed by BQTL at both transcription-
al and protein expression levels. BQTL, therefore, appears to im-
pair osteoclast differentiation partly via suppression of NFATc1
expression. Other osteoclast bone resorption-related proteins,
such as V-ATPase-d2, CTSK, and ITGB3 (integrin $3), were also
found to be suppressed 3-5 days after BQTL treatment, con-
sistent with findings for several compounds previously repor-
ted *?”*. These results indicate that BQTL strongly inhibits both
NFATc1 and c-fos activity, as well as the downstream protein ex-
pression related to osteoclast formation and function.

The MAPK signaling pathway, comprising three key compon-
ents (JNK, ERK, and P38), has been firmly associated with RANKL-
induced osteoclast differentiation via the regulation of AP-1 ex-
pression “*. Research has demonstrated that phosphorylation of
these MAPK components modulates osteoclastogenesis in re-
sponse to RANKL ***, Our findings suggest that BQTL signific-
antly decreased the expression levels of p-JNK1/2, p-ERK1/2,
and p38, potentially by inhibiting the phosphorylation of these
MAPK proteins.

As a transcription factor, NF-kB is present in nearly all nucle-
ated cell types and manifests in various forms **. It plays a crucial
role in transducing signals during osteoclastogenesis via activat-
ing its primary signaling molecule, IkB-a, a significant compon-
ent of the IxB kinase complex '°. Under normal physiological con-
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Fig. 9 BQTL alleviates estrogen deficiency-induced bone loss by reducing OC numbers and activity. (A) Representative images of decalcified rat bone stained with H&E,
TRACP, p-P38, NFATc1, and p-P65 from sham, OVX, and OVX rats treated with low and high doses of BQTL. Scale bar = 200 mm. (B) Percentages of bone volume/total
volume (BV/TV), OC surface/bone surface (0c.S/BS), and osteoclast number/bone surface (N.Oc/BS). P < 0.05, "P < 0.01 (Sham, n = 3; OVX, n = 6; and OVX groups treated

with two different doses of BQTL, n = 4).
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Fig. 10 Proposed scheme for the formation and function of osteoclasts inhibited
by BQTL. BQTL attenuates the gene expression of Acp5, c-Fos, Nfatc1, and Ctsk by
suppressing the MAPK, NF - kB, and calcium signaling pathways and eventually
suppressing osteoclast differentiation and function induced by RANKL.
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ditions, NF-xB remains in an inactive state bound to IxB “**’. NF-
KB is activated in response to various stimuli that induce phos-
phorylation and degradation of IkB . In its active form, NF-xB
translocates to the nucleus, where it activates NFATc1, which
subsequently mediates the transcription of osteoclast-specific
genes as previously described ** *. Our findings indicate that
BQTL not only suppresses the activation of NF-«B but also inhib-
its the degradation of IxkB-a, suggesting BQTL exerts a significant
inhibitory effect on osteoclast differentiation, at least partially
through suppressing upstream NF-kB signaling. Furthermore,
mounting evidence suggests that NFATc1 activation and sub-
sequent auto-amplification are regulated by Ca’** oscillations dur-
ing RANKL-induced osteoclastogenesis ***’. NFATc1 is thus be-
lieved to be mediated by the Ca**-dependent calcineurin path-
way “’. In conclusion, BQTL appears to suppress the activation of
NFATc1 and subsequent osteoclastogenesis likely through its
dual roles in selectively inhibiting the NF-xB and Ca*'/calcineur-
in pathways.

In addition to the compelling results obtained from in vitro
experiments, an in vivo study utilizing an OVX rat model was con-
ducted to assess the efficacy of BQTL in mitigating estrogen-defi-
ciency-induced bone loss. Our findings demonstrated that BQTL
exerted a potent protective effect against bone loss in the OVX
model. Notably, BQTL did not significantly alter the trabecular
thickness among all groups in this study, which aligns with previ-
ous research findings. This observation suggests that estrogen
deficiency does not markedly affect trabecular thickness, and the
regulation of overall trabecular bone mass may differ from that of
average trabecular thickness. Furthermore, this study revealed a
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strong correlation between pCT and histomorphometric analyses,
consistent with our previous report > **°",

In conclusion, this study demonstrates the efficacy of BQTL in
suppressing RANKL-induced osteoclast formation and function,
primarily through the attenuation of MAPK, NF-kB, and Ca®"/cal-
cineurin signaling pathways, consequently leading to the inhibi-
tion of NFATc1 and its downstream proteins (Fig. 10). BQTL can
not only reduce osteoclast formation and bone resorption func-
tion in vitro but also mitigate bone loss induced by estrogen defi-
ciency in vivo. These findings suggest that BQTL represents a
promising therapeutic alternative for the treatment of postmeno-
pausal osteoporosis and the prevention of bone loss associated
with estrogen deficiency and related disorders.
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