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[ABSTRACT] Cyathulae Radix, a traditional Chinese medicine and a common vegetable, boasts a history spanning millennia. It en-
hances bone density, boosts metabolism, and effectively alleviates osteoporosis-induced pain. Despite its historical use, the molecular
mechanisms behind Cyathulae Radix’s impact on osteoporosis remain unexplored. In this study, we investigated the effects and mech-
anisms of Cyathulae Radix ethanol extract (CEE) in inhibiting osteoporosis and osteoclastogenesis. Eight-week-old female mice under-
went ovariectomy and were treated with CEE for eight weeks. Micro-computed tomography (micro-CT) assessed histomorphometric
parameters, bone tissue staining observed distal femur histomorphology, and three-point bending tests evaluated tibia mechanical prop-
erties. Enzyme-linked immunosorbent assay (ELISA) measured serum estradiol (E,), receptor activator for nuclear factor B ligand
(RANKL), and osteoprotegerin (OPG) levels. Osteoclastogenesis-related markers were analyzed via Western blotting (WB) and quant-
itative real-time polymerase chain reaction (QRT-PCR). Additionally, CEE effects on RANKL-induced osteoclast formation and bone
resorption were investigated in vitro using tartrate-resistant acid phosphatase (TRAP) staining, qRT-PCR, and WB assay. Compared
with the ovariectomy (OVX) group, CEE treatment enhanced trabecular bone density, maximal load-bearing capacity, and various
histomorphometric parameters. Serum E, and OPG levels significantly increased, while Receptor activator of nuclear factor-«B
(RANK) decreased in the CEE group. CEE downregulated matrix metallopeptidase 9 (MMP-9), Cathepsin K (CTSK), and TRAP gene
and protein expression. In bone marrow macrophages (BMMs), CEE reduced mature osteoclasts, bone resorption pit areas, and MMP-
9, CTSK, and TRAP expression during osteoclast differentiation. Compared with DMSO treatment, CEE markedly inhibited RANK,
TNF receptor associated factor 6 (TRAF6), Proto-oncogene c-Fos (c-Fos), Nuclear factor of activated T-cells cytoplasmic 1 (NFATc1)
expressions, and Extracellular regulated protein kinases (ERK), c-Jun N-terminal kinase (JNK), NF-kappa B-p65 (p65) phosphoryla-
tion in osteoclasts. In conclusion, CEE significantly inhibits OVX-induced osteoporosis and RANKL-induced osteoclastogenesis, po-
tentially through modulating the Estrogen Receptor (ER)/RANK/NFATc] signaling pathway.
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Introduction

Osteoporosis, a systemic skeletal disorder, is character-
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ized by compromised bone microstructure and diminished
bone mass, quality, and strength, leading to an increased risk
of fractures. The maintenance of bone integrity relies on the
dynamic equilibrium between bone absorption and formation.
Osteoclasts are pivotal in bone resorption, secreting acidic
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substances and enzymes that dissolve bone minerals, thereby
contributing to bone loss. Osteoporosis manifests when the
activity of osteoclasts surpasses that of osteoblasts, resulting
in higher bone resorption than formation. Post-menopausal
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women, particularly in the 5-10 years after menopause, ex-
perience a decrease in estrogen levels due to ovarian endo-
crine dysfunction or decline, enhancing osteoclast bone re-
sorption capacity and leading to post-menopausal osteoporos-
is 2,

In osteoporosis diagnosis and treatment, osteoclast-re-
lated indices are frequently utilized. Various factors regulate
osteoclast differentiation, maturation, and function, invol-
ving complex and intertwined signaling pathways. The re-
ceptor activator for nuclear factor B ligand (RANKL) is cru-
cial for osteoclast differentiation, and the osteoprotegerin
(OPG)-RANKL-RANK signaling pathway plays a signific-
ant role in osteoclast formation and differentiation ', M-CSF
fosters osteoclast differentiation and enhances the interaction
between RANK and RANKL . RANK, lacking intrinsic
kinase activity for phosphorylation and activation of down-
stream signaling molecules, recruits TRAF6 upon binding
with RANKL, thereby activating downstream pathways such
as NF-«kB, MAPK, and c-src-PI3K-Akt signaling pathw-
ays "% NF-«B, a key regulator of mature osteoclast survival
and function, promotes osteoclast differentiation and pre-
vents apoptosis after entering the nucleus . In its resting
state, NF-«B tightly binds to the inhibitor IxB in the form of
p50/p65. The early upregulation of IxBa expression initiates
a negative feedback loop, limiting the intranuclear transloca-
tion of p65/p50 . The MAPK signaling pathway, encom-
passing ERK, JNK, and p38 pathways, is also implicated. Ac-
tivation of these MAPK pathways increases the expression of
NFATc1, promoting the differentiation and function of ma-

11-14

ture osteoclasts 'Y, Blocking the p38 pathway can inhibit
osteoclast differentiation, maturation, and local bone resorp-
tion . GSK3p prevents NFATc1 from binding to DNA "%,
and Akt activation can block GSK3B ['”. Activation of these
pathways transmits signals to c-Fos and NFATc1, influen-
cing osteoclast formation " ' NFATc], a crucial transcrip-
tional regulator in osteoclasts, translocates from the cyto-
plasm to the nucleus upon activation, inducing transcription
of osteoclast-specific genes such as tartrate resistant acid
phosphatase (7rap), Cathepsin K (Ctsk) and matrix metal-
lopeptidase 9 (Mmp-9) ®”. Estrogen receptor o (ERa) is vital
for the anti-osteoporotic role of estrogen, inhibiting osteo-
clast differentiation by downregulating RANK "'

Cyathulae Radix, documented in the Pharmacopoeia of
the People’s Republic of China, is the dry root of Cyathula
officinalis Kuan. It is a common traditional Chinese medi-
cine used to treat various orthopedic diseases, such as bone
injury, osteoarthritis, and rheumatic arthritis 22 1t is also a
traditional vegetable in China. Recognized as a dietary sup-
plement by the National Health Commission of the People’s
Republic of China, Cyathulae Radix has extensive pharmaco-
logical effects, including effects on growth and articulation,
as well as anti-inflammatory, antioxidant, antihypertensive,
and antitumor effects *. WANG et al. ¥ revealed that
Cyathulae Radix exerts a weak estrogen-like effect in
ovariectomized rats, potentially contributing to the treatment

®

of osteoporosis. Additionally, it also displays osteoprotective
effects in ovariectomized rats **. The main constituents of
Cyathulae Radix are triterpenoid saponins, steroid ketones,
and polysaccharides. Steroid ketones, including ecdysterone
and cystinone, have been shown to possess anti-osteoporotic
effects ** "), Estrogen deficiency is the main cause of post-
menopausal osteoporosis. Cyasterone, an authentic standard
found in Cyathulae Radix extract, not only exhibits signific-
ant estrogen-like effects but also notably inhibits osteoclastic
differentiation and promotes osteogenic differentiation **),
Triterpenoid saponins, mainly cyanoside A and B, along with
polysaccharides in Cyathulae Radix, have demonstrated anti-
inflammatory activity *”. Polysaccharides can downregulate
the proportion of CD4'CD25'Foxp3 Tregs cells °”. How-
ever, the molecular mechanisms underlying the effects of
Cyathulae Radix on osteoporosis remain unexplored.
Therefore, the objective of this study was to explore the
preventive and therapeutic effects of Cyathulae Radix ethan-
ol extract (CEE) in vitro and in vivo. It will significantly be-
nefit the development and utilization of Cyathulae Radix.

Materials and Methods

Preparation of CEE and estradiol (E,)

Cyathulae Radix was purchased from Hengyue Herbal
Pieces Co., Ltd. (Hengyang, China, Lot: 17101304). The raw
material was subjected to extraction twice, each for 2 h, us-
ing 30-fold ethanol (70%, V/V) at 85 °C. The resultant solu-
tion was concentrated, following which polysaccharides were
removed, and the ethanol evaporated to dryness. CEE was
then reconstituted in water to achieve the desired concentra-
tions: 4.76 mg'mL™ for the high dose (HD) and 1.19
mg~mLf1 for the low dose (LD) in mice. DMSO was added to
dissolve and dilute the CEE for cell culture.

For the preparation of E,, 1 mg of an E, valerate tablet
(Bayer China, Lot: 395A) was ground into powder. The
powder was then diluted in water to a concentration of 0.03
mg-mL"" for use in mice.

High-performance liquid chromatography (HPLC) analysis

CEE was filtered using a Millipore syringe filter
(0.45 pum, 50 mm, PES). All compounds in the extract were
determined using the LC-2010AHT HPLC System (Shi-
madzu, Kyoto, Japan). HPLC analyses were performed on a
reverse phase Gensial® C;g column (250 mm % 4.6 mm,
5 um). The mobile phase consisted of 0.2% acetic acid in wa-
ter (A) and methanol (B) using a linear gradient program:
from 70% A at 0 min to 55% A over 10—40 min, and then to
5% A from 40 to 50 min. The flow rate was maintained at
1 mL-min”', and the injection volume was set at 10 pL. The
column temperature was controlled at 35 °C, and detection
was performed at a wavelength of 243 nm (Fig. S1).

For the quantification of Cyasterone in CEE, an accur-
ately weighed amount of Cyasterone (2.03 mg) was dis-
solved in 10 mL of methanol, generating a series of concen-
trations for analysis. A calibration curve was plotted based on
the peak-area ratio of Cyasterone against its molar ratio, fol-
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lowing the equation: Y =9264.2X + 11216, R* =0.9998; 5.075—
81.200 pug'mL™'. The concentration of Cyasterone in CEE
was determined to be over 1.05%.

Cell cultures and toxicity assessment

Bone marrow macrophages (BMMs) were extracted
from the femora and tibias of 5-week-old female C57BL/6
mice. The bone marrow cavities were flushed with a-MEM to
harvest bone marrow cells. These cells were then cultured in
a-MEM supplemented with 10% fetal bovine serum (FBS),
100 U-mL™ penicillin and 100 pg-mL™" streptomycin (Solar-
bio, USA) at 37 °C in a 5% CO, atmosphere. After 12 h, the
non-adherent cells were collected and subsequently cultured
with macrophage colony-stimulating factor (M-CSF, 30
ng'mL™") for 4 d. BMMs were treated with RANKL (50
ng-mL™") and M-CSF (30 ng-mL™") for 46 d to induce osteo-
clast formation. During this induction phase, varying concen-
trations of CEE and 5 pmol-L™' E, were added to intervene in
osteoclast induction, respectively.

The cytotoxic effects of CEE on BMMs were evaluated
using the CCK-8 assay. After BMMs were seeded in 96-well
plates for 24 h, they were exposed to different concentrations
of CEE (0.025, 0.050, 0.100, 0.125, 0.150, and 0.300
mg-mL™"). Following a 48-h incubation, CCK-8 reagent was
added to the culture medium, and the plates were further in-
cubated for 3 h at 37 °C in a 5% CO, environment. The optic-
al density of each well was measured at a wavelength of 450
nm using a microplate reader.

TRAP staining

BMMs were treated with RANKL (50 ng-mL™") and M-
CSF (30 ng-mL™") for 6 d to induce osteoclast formation. Post-
induction, the cells were washed with PBS buffer and fixed in
4% paraformaldehyde. Staining was then performed using a
TRAP staining kit according to the manufacturer’s instruc-
tions. TRAP-positive cells containing three or more nuclei
were identified as osteoclasts. These cells were subsequently
counted under an inverted microscope (NIS-Elements F 4.0).
Pit formation assay

BMMs stimulated by M-CSF and RANKL were cul-
tured on bovine bone slices (thickness: 100—200 pum) to eval-
uate pit formation in the presence or absence of CEE. Follow-
ing an 8-day culture, these bone slices were washed with PBS
and fixed in 4% paraformaldehyde for 20 min. The bone
slices were then stained with toluidine blue dye (Sloarbio,
China) for 10 min. Resorption pits were imaged using an in-
verted microscope, and their areas were quantified using Im-
age-Pro-Plus 6.0 software.

Animals and experimental procedures

In total, 60 female ICR mice (Hunan SJA Laboratory
Animal Co., Ltd.) were acclimated to a specific pathogen-free
(SPF) environment at the research animal laboratory. 8-week-
old female mice were randomly assigned to six groups (n =
10/group) for subsequent oral gavage treatments: Blank,
SHAM-operated (SHAM), OVX-mice (OVX), OVX-mice
treated with 0.03 mg-mL™" E, (OVX-E,), OVX-mice treated
with 1.19 mg-mL™" CEE (OVX-LD), OVX-mice treated with

4.76 mg-mL™" CEE (OVX-HD). The Blank group received no
treatment. Fat around ovaries were removed from mice in the
SHAM group, while bilateral ovaries were removed from
mice in other groups. All mice were monitored for eight
weeks post-surgery and treatment, after which they were hu-
manely euthanized for the collection and analysis of serum,
tibias, and femora. This study’s protocols were in strict ad-
herence to ethical standards and national guidelines for anim-
al care and use, approved by the Animal Experimentation
Ethics Committee of Central South University (Ref. No.
2018sydw0207).

Micro-computed tomography (Micro-CT) analysis

The left femora of mice were taken, and bone trabecula
in the distal femoral metaphysis was measured by micro-CT
[NEMO® Micro-CT, PINGSENG Healthcare (Kunshan)
Inc., China]. The scanning targeted the bone trabeculae with-
in the distal femoral metaphysis. The defined scanning area
was the distal metaphysis, extending 1 mm proximally from
the growth plate, followed by three-dimensional reconstruc-
tion. Key indices assessed included bone volume (BV), struc-
tural model index (SMI), bone mineral contents (BMC), bone
volume fraction (BV/TV), bone surface area to tissue volume
ratio (BS/TV), bone surface area to bone volume ratio
(BS/BV), and trabecular bone thickness (Tb.Th). The scan-
ning parameters were set as follows: a sweep length of 0.5
mm, a voltage of 60 kV, a current of 200 pA, and reconstruc-
tion using an iterative algorithm "%,

Histological analysis

Post-collection, the femora were fixed in 4% paraformal-
dehyde, decalcified using 10% EDTA, and subsequently em-
bedded in paraffin. Longitudinal sections of 5 pum thickness
were prepared and stained with Hematoxylin and Eosin
(H&E) to examine the histomorphology of the distal femur.
Images of these sections were captured using an M565 J/E/G
Fluorescence inverted microscope (Nikon, Japan) >,
Mechanical properties testing

A three-point bending test was used to detect the mech-
anical properties of the tibias on an MTS Insight 30 biomech-
anics tester (MTS Industrial Systems Co., Ltd., USA), with
the bones positioned across a 2 cm span. Tibias were subjec-
ted to transverse pressure at the midpoint at a constant rate of
1 mm/min until broken. Ultimate force (N) was calculated
based on the collected load and displacement data.
Enzyme-linked immunosorbent assay (ELISA)

The blood sample was obtained and centrifugated to sep-
arate the serum. The levels of E,, RANKL, and OPG in ser-
um were measured using an ELISA kit (BangYi, Shanghai,
China), strictly adhering to the manufacturer’s protocol.
Quantitative real-time polymerase chain reaction (qRT-PCR)

Femora were flash-frozen in liquid nitrogen and ground
to a fine powder. Total RNA was extracted from both femora
and osteoclasts using TRIzol reagent (Invitrogen) following
the manufacturer’s protocol. Subsequent reverse transcrip-
tion PCR was performed with 1.0 pg total RNA, and cDNA

—214-



SHI Liying, et al. / Chin J Nat Med, 2024, 22(3): 212-223

was synthesized using a kit (Thermo Fisher Scientific, USA).
qRT-PCR was then performed using specific primers listed in
Table S1.
Western blotting (WB) assay

Proteins were extracted from the femora using TRIzol
agent following the manufacturer’s protocol. Cell lysates
were prepared using RIPA Lysis Buffer, and protein concen-
trations were quantified via the BCA method. Protein
samples (30 pg) were separated on SDS-PAGE gels and
transferred to PVDF membranes. These membranes were
blocked in either 5% BSA or 5% skim milk for 2 h and in-
cubated overnight at 4 °C with primary antibodies against
TRAP, CTSK (Novus, USA), MMP-9 (R&D, USA), RANK,
ERa, c-Fos, NFATc1, p-Akt, p-p65, p-ERK, p-JNK, p-p38, p-
IxBa, Akt, p65, ERK, JNK, p38, IxBa (CST, USA), GAPDH
(Proteintech, USA), and TRAF6 (Abcam, USA), followed by
a 2-hour room temperature incubation with appropriate sec-
ondary antibodies. The blots were visualized using an en-
hanced chemiluminescence (ECL) kit.
Statistical analysis

Each experiment was repeated at least three times, and
all quantitative data were expressed as mean + SD. Statistical
analyses were conducted by one-way analysis of variance
(ANOVA) and Student’s #-test using IBM SPSS Statistics
22.0. A P-value < 0.05 was considered statistically signific-
ant.

Results

CEE suppressed osteoclast differentiation and bone-resorb-
ing activity

CEE (0.025, 0.050, 0.100, 0.125, 0.150, and 0.300
mg-mL™") had no effect on the proliferation of BMMs (Fig.
1A). CEE at various concentrations (0.075, 0.150, and 0.3
mg-mL™") were used in the further research. Mouse BMMs
were treated with M-CSF (30 ng'mL™") and RANKL (50
ng-mL™") to verify the effect of CEE on osteoclastogenesis.
Post-treatment, TRAP staining identified mature TRAP-posit-
ive multinucleate osteoclasts, which were dyed wine red (Fig.
1B). Compared with that in the blank group, the number of
mature osteoclasts increased notably in the RANKL-induced
group. In contrast, CEE treatment reduced the formation and
number of osteoclasts in a dose-dependent manner (P <
0.001, Fig. 1C).

CEE’s effects on the bone-resorption activity of mature
osteoclasts were also evaluated. While 0.150 mg-mL™" CEE
had no effect on osteoclast survival (Fig. 1A), it substantially
reduced the area of resorption pits (P < 0.01, Figs. 1D—1E),
suggesting that CEE decreases the bone-resorbing activity of
mature osteoclasts without affecting their viability.

CEE suppressed the expressions of Mmp-9, Cisk, and Trap of

osteoclasts

The impact of CEE on the expression levels of Mmp-9,
Ctsk, and Trap in osteoclasts was detected by qRT-PCR and
WB analyses (Fig. 2). The gene expressions of Ctsk, Mmp-9,
and Trap increased significantly over a period of 4-6 d.
Compared with the DMSO group, the gene expressions of

®

Ctsk, Mmp-9, and Trap decreased significantly within 2—4 d,
the gene expressions of Ctsk and Mmp-9 in CEE-treated
groups and E, group decreased significantly on the 6" day
(Fig. 2A). Notably, the 0.300 mg-mL™" CEE group exhibited
a notable reduction in Trap gene expression compared with
the DMSO group (P < 0.01), but there were no statistically
significant differences between the DMSO group and 0.150,
0.075 mg'mL™" CEE group and E, group (P > 0.05). The
gene expressions of Mmp-9 and Trap were dose-dependent.
The above results suggested that CEE can notably inhibit the
gene expressions of Ctsk, Mmp-9, and Trap.

As shown in Fig. 2B, the protein expressions of MMP-9,
CTSK, and TRAP in the DMSO group were significantly
higher than those in the Blank group (MMP-9: P < 0.001,
CTSK: P < 0.01, TRAP: P <0.001). The expressions of os-
teoclast marker proteins in the 0.300 mg-mL™ CEE group
were significantly lower than those in the DMSO group
(MMP-9: P < 0.001, CTSK: P < 0.05, TRAP: P < 0.001).
The above results indicated that CEE significantly inhibits the
protein expressions of MMP-9, CTSK, and TRAP in osteo-
clasts.

CEE inhibited the expressions of RANK, TRAF6, c-Fos, and
NFATcl in osteoclasts

Rank gene expression in the 0.075 mg'mL ™" CEE group
was significantly lower than that in the DMSO group and
0.300 mg-mL™" CEE group (P < 0.05). It was lower in the
0.075 mg-mL™" CEE group than in the E, group and 0.150
mg-mL™" CEE, but the difference was not statistically signi-
ficant (P > 0.05, Fig. 3A). Era gene expression in the 0.300
mg-mL™ CEE group and E, group was markedly elevated
compared with that in the DMSO group (0.300 mg-mL ™" CEE
group: P <0.001, E, group: P <0.01). Furthermore, Era gene
expression in the 0.300 mg-mL™" CEE group was signific-
antly higher than in 0.150, 0.075 mg-mL™" CEE groups and
E, group (0.150, 0.075 mg-mL™" CEE group: P < 0.001, E,
group: P < 0.01, Fig. 3B). Nfatcl gene expression in CEE-
treated groups were significantly lower than that in the
DMSO group, (P <0.001, Fig. 3C).

As shown in Figs. 3D-3E, the protein expressions of
RANK, ERa, c-Fos, and NFATcl were significantly higher
in the DMSO group than those in the Blank group (RANK:
P <0.001, ERa, c-Fos, and NFATcl: P < 0.01). While ERa
protein expressions in the DMSO group and CEE-treated
groups were significantly higher than those in the Blank
group, the difference was not statistically significant between
the DMSO and CEE-treated groups, suggesting that CEE’s
inhibition of osteoclast differentiation may not be mediated
through the upregulation of ERa expression. The protein ex-
pressions of RANK, c-Fos, and NFATc1 decreased signific-
antly in the 0.300 mg-mL™" CEE group (RANK and NFATcl:
P <0.001, c-Fos: P < 0.01). Additionally, the expression of
TRAF6 decreased significantly in the 0.300 mg-mL™" CEE
group (P <0.05), but no such significant change was ob-
served in the 0.150 mg-mL™ CEE group. These findings
demonstrate that CEE can remarkably inhibit the protein ex-
pressions of RANK, TRAF6, c-Fos, and NFATcl in osteo-
clasts.
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CEE inhibited the phosphorylation levels of ERK, JNK, and
pos

Groups were treated with CEE for 4 h and then stimu-
lated with RANKL at various time points (0, 5, 15, 30, and 60
min) to detect the effect of CEE on total and phosphorylated
protein levels of key molecules in different signaling path-
ways.

As shown in Fig. 4, CEE treatment significantly inhib-
ited the phosphorylation of JNK at 15 min (P < 0.001), ERK
at 5, 30, and 60 min (5 min: P < 0.001, 30 and 60 min: P <
0.05), and p65 at 0, 5, and 15 min (P < 0.05) compared with
DMSO treatment, but no significant differences were ob-
served at other time points (P > 0.05). The phosphorylation

levels of IxBa, p38, and Akt had no significant changes at
any time point compared with those in the DMSO group. The
total protein levels of INK increased significantly at 0 and 30
min (P < 0.05) and p65 and Akt at 0 min in the CEE group
(p65: P < 0.001, Akt: P < 0.05) Other signaling molecules
did not exhibit significant changes in total protein levels.
These results suggest that CEE inhibits osteoclast differenti-
ation by inhibiting the phosphorylation of ERK, JNK, and
p65 rather than regulating the total protein expressions.
CEE inhibited ovariectomy-induced bone loss

Micro-CT was used to assess bone mass in mice with
OVX-induced osteoporosis. The region of interest and longit-
udinal sections are depicted in Fig. 5B. As shown in Figs. 5A,
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Fig. 1 CEE inhibited osteoclast differentiation and bone-resorbing activity in BMMs. (A) CEE in the test dose had no effect on

the proliferation of BMMs. (B) The mature osteoclasts of each group were stained with TRAP staining. (C) CEE reduced the
number of osteoclasts. (D) The bone slices of each group were stained with toluidine blue dye. (E) CEE decreased the bone-re-
sorbing activity of mature osteoclasts. Data are expressed as the mean + SD (n = 3). "P < 0.05, “P < 0.01, ""P < 0.001 vs DMSO
group.
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5C, and 5D, the OVX group, bone mass exhibited signific-
antly reduced bone mass compared with those in the Blank
and SHAM groups, with bone trabeculae appearing thinner
and less dense. CEE treatment led to an increase in bone
mass, with thicker and more abundant trabeculae.

BV/TV was significantly higher in the OVX-HD group
than in the OVX group (P < 0.05, Fig. 5E). While the OVX-
LD and OVX-E, groups also showed improvements in
BV/TV, these were not statistically significant (P > 0.05). As
shown in Fig. 5F, Tb.Th was significantly higher in all CEE-
treated and OVX-E, groups than in the OVX group (OVX-
HD group: P < 0.05, OVX-LD group: P < 0.01, OVX-E,
group: P < 0.001, respectively). BV/TV and Tb.Th were
higher in the OVX-HD group than in the OVX-LD, but the
differences were not statistically significant. As depicted in
Figs. 5G and SH, BS/BV and SMI were significantly lower in
the CEE-treated groups than in the OVX group (P < 0.001,
P < 0.05, respectively). Compared with the OVX group, the
CEE-treated groups exhibited no significant differences in
BV, BMC, and BS/TV, although a gradual increase was

A

noted (P > 0.05, Figs. 5I-5K).
CEE increased the maximal loads of tibias in OVX mice

The maximum load-bearing capacity was tested by a
three-point bending test. The results, illustrated in Fig. 5L,
demonstrated that the maximal load-bearing capacity of the
tibia in the OVX group was significantly lower than that in
the SHAM group (P < 0.05). In contrast, the maximum loads
in the OVX-HD, OVX-LD, and OVX-E, groups showed a
significant increase relative to the OVX group (P < 0.05). Al-
though the maximum load in the OVX-E, group was margin-
ally higher than that in the CEE-treated groups, this differ-
ence did not reach statistical significance (P > 0.05). Addi-
tionally, no significant differences in the maximum load were
observed between the OVX-HD and OVX-LD groups (P >
0.05).
CEE upregulated E, and OPG levels and downregulated
RANKL levels in serum

The levels of RANKL, E,, and OPG in the serum of mice
were quantitatively analyzed (Figs. 6A—6C). Compared with
the OVX group, the SHAM and OVX-HD groups exhibited

5r Ctsk 3r Mmp-9 5 Trap =2d
o 4t cg o 4t m 4d
2 £ = = 6d
O3t E3
% z 5
g 2t < 2
& 3 4
1t & 1t
0 & 0 S
F L < K &S F L < O S
a ST Y 3> © 2
F > NN S SEEEENEN
CEE/(mg-mL™") CEE/(mg'mL™") CEE (mg'mL™)
B Blank  DMSO 0.150 0.300
TRAP - - W 36 kDa
CTSK L I . 43 LDa
MMP-9 - S . 02 (Dq
GAPDH WS SN S - 6 kD
. TRAP CTSK MMP-9
r i - il * - _ Ak 3 -
200 —=F—— [T S — 0.20 Tl_ll—l
S 15t L = 2 0.15
& & Lo & T
St1of 3 T So.10 I
~ v )
0.5} T £
2 05 - £ 2 0.05
= @]
— T =
T e & s "re & & "Te e
> 5 Q \ S s Q
X Q& NG F Q@% NN ¥ Q& NG

CEE/(mg-mL™")

CEE/(mg-mL™")

CEE/(mg'mL™)

Fig.2 CEE significantly inhibited the expressions of MMP-9, CTSK, and TRAP in osteoclasts. (A) Effect of CEE on gene ex-
pressions of Ctsk, Mmp-9, and Trap. (B) WB bands of TRAP, CTSK, MMP-9 and GAPDH. (C) Protein expressions of TRAP,
CTSK, and MMP-9. Data are expressed as the mean + SD (n= 3). Compared with the DMSO group, * P<0.05, **P<0.01, ***P<
0.001; P < 0.05, *P < 0.01, P < 0.001; "P<0.05, "P<0.01, ""P<0.001.
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significant increases in the levels of E, and OPG (E,: P <
0.05, OPG: P < 0.01, Figs. 6A and 6C) and a marked de-
crease inRANKL levels (P < 0.001, Fig. 6B). The OVX-LD
group displayed higher levels of RANKL, E,, and OPG than
the OVX-HD group, but the differences were not statistically
significant (P > 0.05). Furthermore, there were no significant
differences in E, levels between the OVX-E, group and OVX-

CEE inhibited the MMP-9, CTSK, and TRAP expressions of
OVX mice

The levels of osteoporosis-related genes in mouse femur
were detected by qRT-PCR, and the protein expression levels
were detected by WB (Fig. 7). In the OVX group, the gene
and protein expression levels of TRAP, CTSK, and MMP-9
in the femora were significantly higher than those in the

HD group (P > 0.05).

Blank and SHAM groups. However, both gene and protein
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Fig. 3 CEE inhibited the expressions of key signaling molecules in osteoclasts. (A) Gene expression of Rank. (B) Gene expres-
sion of Era. (C) Gene expression of Nfatcl. (D) WB bands of RANK, ERa, TRAF6, c-Fos, NFATcl, and GAPDH. (E) Effect of

CEE on protein expressions of key signaling molecules. Data are expressed as the mean + SD (n = 3). "P < 0.05, "P < 0.01,
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0.001 vs DMSO group; “P < 0.05, *P < 0.01,”*P < 0.001 vs 0.3 mg-mL™"' CEE group.
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expression levels of TRAP, CTSK, and MMP-9 were signi-
ficantly reduced in the CEE-treated groups and the OVX-E,
group relative to the OVX group. There were no significant
differences in gene expressions among the OVX-E,, OVX-
HD, and OVX-LD groups (P > 0.05, Fig. 7A). The protein
expressions of CTSK and TRAP in the OVX-HD group were
significantly higher than those in the OVX-LD and OVX-E,
groups (P < 0.001). Meanwhile, MMP-9 protein expression
in the OVX-HD group was higher than in the OVX-LD and
OVX-E, groups, but this difference did not reach statistical
significance (P > 0.05, Fig. 7C).

Discussion

As the population ages, the escalating prevalence of os-
teoporosis has imposed a substantial economic and health

burden on society. Addressing the effective prevention and
treatment of osteoporosis is thus an urgent concern in
Chinese society. Currently, the primary treatment modalities
for osteoporosis and other bone loss diseases include hor-
mone replacement therapy (HRT) and bisphosphonates.
However, these therapies are limited in their efficacy and as-
sociated with numerous adverse reactions **.. In response to
these limitations, Traditional Chinese medicine has gained in-
creasing acceptance due to its effectiveness in disease treat-
ment and lower side effect profile . Recent scientific re-
ports suggest that many natural herbal therapies have both
anabolic and anticatabolic effects, making them beneficial for
the treatment of osteoporosis by promoting bone formation
and reducing unbalanced bone resorption *”*". Notably, cy-
asterone, a key active component of Cyathulae Radix, has
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Fig. 4 CEE inhibited the phosphorylation levels of ERK, JNK, and p65. (A) Total and phosphorylated protein bands of key mo-
lecules in osteoclast signaling pathways. (B) Total protein and phosphorylation levels of key signal molecules in osteoclast differ-
entiation. Data are expressed as the mean + SD (n = 3). ‘P<0.05,"P<0.01, "P<0.001 vs DMSO group.

been found to counter osteoporosis by inhibiting osteoclastic
differentiation and enhancing osteogenic differentiation 7.

The overactivation of osteoclasts plays a central role in
various bone diseases, such as osteoporosis, rheumatoid arth-
ritis, periprosthetic osteolysis, and periodontitis *”. Natural
Chinese medicine, in this context, can enhance bone forma-
tion activity and significantly inhibit bone resorption, poten-
tially correcting the imbalance between osteoblast-mediated
bone formation and osteoclast-mediated bone resorption .
Recently, targeting osteoclasts has become a forefront thera-
peutic strategy in the treatment of osteoporosis. The molecu-
lar regulation of osteoclast formation and function represents
an important research area in developing osteoporosis treat-
ments “”. Therefore, the present study investigates the effect
and mechanism of CEE in inhibiting osteoporosis and osteo-
clastogenesis. The research spans animal models, cell culture,
and molecular biology, with a particular focus on the
ER/RANK/NFATCcI signaling pathway.

In the ER/RANK/NFATCc! signaling pathway, estrogen
predominantly modulates bone metabolism by interacting
with ERa, known to inhibit the expression of RANK. Our
findings reveal that CEE considerably suppresses the protein
expressions of RANK and TRAF6 in osteoclasts, yet it does
not significantly affect the protein expression of ERa. Fur-
thermore, upon the binding of RANKL to RANK, TRAF6 at-
taches to the cytoplasmic region of RANK, initiating a cas-
cade in the downstream signaling pathways, including NF-
xB, MAPK, and c-src-PI3K-Akt. The MAPK signaling path-
way comprises ERK, JNK, and p38 pathways. The data indic-
ate that CEE effectively inhibits the phosphorylation of ERK,
INK, and p65, subsequently transmitting signals to activate
regulatory molecules like c-Fos and NFATcl. NFATcl has
been established as a crucial regulator in osteoclast forma-
tion, characterized by its high expression level sustained
through self-amplification™, NFATcI stimulates osteoclasts
to express proteins involved in bone resorption, such as

CTSK, MMP9, and TRAP ™. Our data suggest that CEE
treatment decreases the transcriptional activity of NFATcl
and downregulates the expression of its related genes, includ-
ing c-Fos, Mmp-9, Ctsk, and Trap.

In vivo studies utilizing OVX mice were conducted to
verify the anti-osteoporotic activity of CEE. Treatment with
CEE in these mice led to notable improvements in bone mi-
crostructure and a reduction in bone loss. Additionally, bone
mass, strength, and the thickness and quantity of bone trabec-
ulae were enhanced. Furthermore, CEE treatment resulted in
decreased expression of genes and proteins such as TRAP,
CTSK, and MMP-9 in OVX mice, affirming its anti-osteo-
porotic efficacy. Prior research has shown that the interaction
between RANKL and its receptor RANK is pivotal in activat-
ing osteoclasts. In contrast, OPG, secreted by osteoblasts, im-
pedes this interaction by binding to RANKL, thus preventing
osteoclast differentiation and activation . In this study, we
observed that CEE upregulated the levels of E, and OPG,
while concurrently downregulating RANKL in serum. The
balance of these elements plays a crucial role in bone remod-
eling, potentially influencing the ability of osteoblasts to
stimulate osteoclast differentiation and activation, and
thereby the degree of bone resorption. These findings sug-
gest that CEE may regulate the OPG/RANKL expression,
subsequently affecting the lineage of osteoblasts and stromal
cells, and thus the activity of osteoclasts in osteoporosis man-
agement. Future research should focus on investigating CEE’
s role in the coupling dynamics between osteoclasts and os-
teoblasts.

In conclusion, our study demonstrates that CEE effect-
ively inhibits the differentiation and activity of osteoclasts in-
duced by RANKL. This effect on RANKL-mediated path-
ways, such as ERK, JNK, NF-kB, and other downstream
factors in osteoclasts, particularly its inhibitory impact on
TRAF®6, highlights its therapeutic potential. However, this re-
search is not without limitations, and further studies are
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needed to explore the detailed mechanisms of interaction teolytic diseases (Fig. S2).

between CEE's effects on osteoblasts and osteoclasts. Addi- .

. o L Conclusions

tionally, our in vitro findings indicate that CEE may serve as

a potential therapeutic option for osteoporosis and other os- CEE significantly inhibits osteoporosis induced by
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Fig.5 Stereological parameter of trabecular bone in the mouse femur after CEE treatment analyzed by micro-CT and histolo-
gical analysis. (A) Histological analysis of tibias with H&E staining. (B) Region of interest (ROI) and longitudinal section. (C) 3D
reconstruction pictures of ROI. (D) The intersecting surface of ROI. (E) Bone volume/total volume (BV/TV). (F) Trabecular
thickness (Tb.Th). (G) Bone surface/bone volume (BS/BV). (H) Structure model index (SMI). (I) Bone surface/total volume
(BS/TV). (J) Bone mineral content (BMC). (K) Bone volume (BV). (L) The maximum load-bearing capacity of each group. Data
are expressed as the mean + SD (n = 6), ‘P<0.05,"P< 0.01, P <0.001 vs OVX group.
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Fig. 6 The effect of CEE on tibia mechanical properties and levels of osteoporosis-related factors in the serum of mice. (A) The
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Fig. 7 CEE suppressed the MMP-9, CTSK, and TRAP expressions in the femora of OVX mice. (A) Gene expressions of Trap,

Ctsk, and Mmp-9 in femora. (B) WB bands of TRAP, CTSK,

and MMP-9 in femora. Each sample was repeatedly tested at least three times, n = 6. "P < 0.05, P < 0.01,

group.

ovariectomy in mice, as well as RANKL-induced osteoclast
differentiation and bone resorption function. Through its ac-
tion on the ER/RANK/NFATCc1 signaling pathway, CEE sup-
presses the expression of key proteins including RANK,
TRAF6, c-Fos, and NFATc1. It also effectively inhibits the
phosphorylation of ERK and JNK within the MAPK path-
way, along with the phosphorylation of p65 in the NF-«B
pathway. These combined actions contribute to the reduction
of osteoclast differentiation and bone resorption activity.

MMP-9, and GAPDH. (C) Protein expressions of TRAP, CTSK,
P <0.001 vs OVX

Supplementary Information

Supplementary data to this article can be obtained by
sending E-mail to the corresponding authors.
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