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Identifying novel therapeutic efficacies of traditional Chinese medicine (TCM) and their un-
derlying mechanisms is essential for TCM modernization and development. Apocynum ven-
etum leaf (AVL) is used both as an antihypertensive medicine and as a food. Whether AVL ex-
tract possesses additional therapeutic efficacies remains to be investigated. Here, we ex-
amined the potential effect of AVL extract on ameliorating postmenopausal osteoporosis
(PMO) and identified the effective fractions and underlying mechanisms of its efficacy. We
found that the total extract of AVL substantially relieved osteoporosis symptoms in both
mouse and rat ovariectomized models. Moreover, the AVL-95% fraction, accounting for only
about 2% of the total extract, exhibited a therapeutic effect on osteoporosis comparable to
that of the total extract. Notably, the AVL-95% fraction improved both cancellous and cortical
bones. Additionally, it exerted beneficial effects on both femurs and vertebrae in ovariectom-
ized (OVX) mice. Mechanistic studies showed that AVL-95% inhibited osteoclastogenesis by
suppressing RANKL signaling. Importantly, AVL-95% did not exhibit apparent toxicity in
acute and chronic toxicity evaluations. Collectively, our work reveals a previously unknown
efficacy of AVL in PMO intervention and an underlying mechanism of this efficacy, highlight-
ing the anti-PMO application potential of AVL.

1. Introduction

Osteoporosis is characterized by bone loss and micro-archi-
tectural deterioration of bone tissue, primarily attributed to dis-
rupted bone remodeling. Bone remodeling results from the co-
ordinated actions of osteoblasts and osteoclasts, with the latter
mediating old bone resorption and the former promoting new
bone formation . The functional balance between osteoblasts and
osteoclasts maintains the dynamic equilibrium of bone mass and
structure, whereas an imbalance frequently leads to osteoporos-
is °. Postmenopausal osteoporosis (PMO), resulting from estro-
gen deficiency due to ovarian failure, represents the most com-
mon type of osteoporosis. PMO causes bone fragility, deforma-
tion, and fractures, which seriously affect the physical health and
quality of life of postmenopausal women **. Estrogen deficiency
frequently increases the generation and activity of osteoclasts,
leading to an osteoclast-osteoblast imbalance followed by bone
loss and architectural damage °.

Osteoclasts are multinucleated giant cells mainly distributed
on the bone surface and around intraosseous blood vessel chan-
nels. They originate from either circulating blood monocytes or
bone marrow-resident precursors °. The receptor activator of
nuclear factor-kappa B ligand (RANKL) signaling pathway is es-
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sential for inducing osteoclast generation from progenitor cells
and for maintaining osteoclast survival and function. In this sig-
naling pathway, RANKL binds to its cognate receptor RANK on
the plasma membrane to initiate a downstream signaling cas-
cade " °. Cytoplasmic transduction of RANKL signaling is medi-
ated by several factors, including mitogen-activated protein
kinases (MAPKs), nuclear factor-kappa B (NF-kB), and protein
kinase B (PKB) ™.

Given that osteoclast hyperactivation is a major pathological
mechanism in PMO, targeting osteoclasts to reduce their genera-
tion and activity represents an important therapeutic approach.
Therefore, clinical drugs for treating PMO are mainly osteoclast
inhibitors, including calcitonin, bisphosphonates, hormone
replacement therapy (HRT), and RANKL monoclonal antibod-
ies ' '“. Hormone replacement therapy (HRT) is the traditional
“gold standard” treatment for PMO ", effectively preventing bone
loss and reducing fracture incidence. However, long-term use of
HRT, especially without concomitant progesterone, frequently
causes estrogen-related side effects, primarily manifested as an
increased risk of breast and endometrial cancers .

Apocynum venetum leaf (AVL) is a traditional Chinese medi-
cine (TCM) that is also used as a vegetable in Nigeria °. It has
been developed and produced as health foods such as tea, bever-
ages, chocolate, and chewing gum. Previous studies have shown
that AVL possesses various pharmacological activities, including
blood pressure reduction, anti-oxidation, anti-depression, anti-
anxiety, and cholesterol-lowering effects """/, In this study, we re-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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ported for the first time the anti-PMO activity of AVL extract.
Moreover, we defined the effective fractions of AVL extract.
Mechanistically, we revealed that AVL extract inhibits RANKL sig-
naling to suppress osteoclastogenesis.

2. Materials and methods

2.1. Materials

Apocynum venetum leaf (AVL) was purchased from Guang-
dong HuiQun Chinese Traditional Medicine Co., Ltd. TRAP stain-
ing kit was purchased from Cosmo Biology (PMC-AK40F-COS).
RANKL (ab2700070), M-CSF (ab259396), and JNK and p-JNK an-
tibodies were purchased from Abcam. p65, p-p65, ERK and p-
ERK antibodies were purchased from Santa Cruz Biotechnology.
p38 and p-p38 antibodies were purchased from Invitrogen.

2.2. Preparation of AVL extract and its fractions

Dried AVL (20 kg) was immersed in 60% ethanol (V/V, 270
L) for 12 h and then heated under reflux four times (1 h each).
The extracted solutions were combined and filtered, and then
concentrated using a vacuum evaporator to obtain the AVL ex-
tract. The AVL extract (about 2.5 kg) was separated using micro-
porous resin (D101) with a gradient of EtOH-H,0 (0: 100; 25 : 75;
50:50; 75:25;95:5, V/V, 100 L for each step) as elution buffer
to obtain five fractions. The eluted fractions were designated as
AVL-W (elution with water, 345.57 g), AVL-25% (elution with
25% ethanol, 780.87 g), AVL-50% (elution with 50% ethanol,
412.88 g), AVL-75% (elution with 75% ethanol, 59.25 g), and AVL-
95% (elution with 95% ethanol, 48.83 g). The weight propor-
tions of the five fractions in the total extract were 14.31%,
32.34%,17.10%, 2.45%, and 2.02%, respectively.

2.3. Cell culture

RAW264.7 cells were cultured at 37 °C in a humid atmo-
sphere containing 5% CO, in DMEM supplemented with 10% FBS,
and were seeded at a density of 1 x 10° cells/cm®. Bone marrow-
derived monocytes (BMMs) were isolated from C57BL/6 mice
aged 6-8 weeks. The mice were sacrificed under anesthesia and
immersed in 70% ethanol for 5 min, and the femurs and tibias
were harvested. Whole bone marrow cells were flushed from the
femurs and tibias, seeded in a 10-cm dish, and cultured in a-MEM
supplemented with 10% FBS at a density of 5 x 10* cells/cm®.
Cells were maintained by macrophage colony-stimulating factor
(M-CSF, 50 ng-mL™).

2.4. In vitro osteoclast induction and TRAP staining

BMMs cultured in a 96-well plate at a density of 5 x 10*
cells/cm* were incubated with M-CSF (50 ng-mL™"), RANKL (50
ng-mL™") and/or AVL-95% fraction. Osteoclasts with more than 3
nuclei were produced after induction of M-CSF and RANKL for
3-4 days. Mature osteoclasts with larger volume and more nuclei
were observed after 7 days of induction. Cells were fixed with 4%
paraformaldehyde for 10 min at room temperature and stained
using a TRAP staining kit (Cosmo Bio, PMC-AK40F-COS) at 37 °C
for 1 h. The stained cells were observed under an upright micro-
scope and photographed.

2.5. Bone resorption pit assay

BMMs were seeded on 96-well Corning Osteo Assay plates
(Corning, Tewksbury, MA, USA), and stimulated with M-CSF (50
ng-mL™"), RANKL (50 ng-mL™") and/or AVL-95% fraction. After 7
days, cells on the plates were removed using 5% sodium hypo-
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chlorite solution. Light microscopic images were captured for
each well, and pit areas were quantified using Image] software.

2.6. Quantitative real-time PCR (RT-PCR)

BMMs seeded in a 6-well plate at a density of 5 x 10*
cells/cm” were stimulated by M-CSF (50 ng-mL™"), RANKL (50
ng-mL™") and/or AVL-95% fraction for 36 h and 72 h. Total RNA
was isolated using TRIzol™ Reagent (Thermo Fisher Scientific)
and then reverse-transcribed into cDNA by using a Hifair™ II 1st
Strand cDNA Synthesis SuperMix Kit according to the manufac-
turer’s instructions. SYBR Green was used to quantify the PCR
products of the specific genes with Gapdh gene as an internal con-
trol. The relative mRNA levels of the specific genes were normal-
ized to Gapdh and calculated by using the 2**“ method. PCR
primers used were as follows: Gapdh (forward, 5'-ATCAAGAAG-
GTGGTGAAGCA-3' and reverse, 5'-GTCGCTGTTGAAGTCAGAGGA-
3"). Nfatcl (forward, 5'-CCCGTCACATTCTGGTCCAT-3’, and re-
verse, 5'-CAAGTAACCGTGTAGCTCCACAA-3"), Trap (forward, 5'-
ACCAGCAAGGATTGCGAGGCAT-3', and reverse, 5-GGATGACAG
ACGGTATCAGTGG-3', Calcr (forward, 5'-CTGAAGCTTGAGCGCCT-
GAGTC-3', and reverse, 5'-TGGGGTTGGGTGATTTAGAAGAAG-3");
Ctsk (forward, 5'-AAGATATTGGTGGCTTTGG-3', and reverse, 5'-
ATCGCTGCGTCCCTCT-3").

2.7. MCF-7 cell viability assay

MCF-7 cells were seeded at 5 x 10° cells/well in a 96-well
plate. After treatment with estradiol (E;) and AVL-95% for 48 h,
MTT (5 mg-mL™, dissolved in PBS) was added to each well and
incubated at 37 °C for 48 h. The supernatant was discarded, and
DMSO (100 pL) was added to dissolve the formazan crystals.
Absorbance was measured at OD560 nm. Cell viability was cal-
culated using the formula: Cell viability (%) = [(ODeyperiment =
ODblank) / (ODcontrol - ODblank)] x 100%.

2.8. Western blotting

RAW264.7 cells seeded in a 6-well plate at a density of 1 x
10° cells/cm* were pretreated with E, or AVL-95% fraction for
1 h, followed by treatment with RANKL (50 ng-mL™") for 10 min.
Cells were collected and lysed with lysis buffer (Beyotime Bio-
technology, China) containing protease and phosphatase inhibit-
or cocktail. Protein samples were subjected to 10% SDS-PAGE
and then transferred to a polyvinylidene difluoride membrane.
The membranes were sequentially incubated with 5% skim milk,
primary antibodies, and horseradish peroxidase (HRP)-conjug-
ated secondary antibodies. Protein bands were visualized by ex-
posure to X-ray film, and band densities were quantified using
Image] software.

2.9. Ovariectomized rat and mouse models

The animal experimental protocols used in this study were
approved by the Xiamen University Animal Center Committee
(No. XMULAC20200205 and XMULAC20200015). Female
Sprague-Dawley rats (3 months old), female C57BL/6 mice (10
weeks old) and Kunming mice (6 weeks old) were purchased
from Shanghai SLAC Company and maintained under a standard
housing condition (temperature, 22 °C; humidity, 40%-60%;
light, 12 h of light/dark cycle; and pathogen-free-controlled en-
vironment). Before surgery, animals were anesthetized with 10%
chloral hydrate (0.3 mL per 100 g for rats and 0.1 mL per 10 g for
mice). Both ovaries were exposed through the incision and re-
moved. The wound was closed in layers to prevent infection.
Sham operations were performed using the same procedure but
without ovary removal. One month after surgery, ovariectomized
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animals were randomly divided into different groups. The vehicle
used was 0.5% sodium carboxymethyl cellulose solution, and E,
and AVL extract were dissolved in the vehicle for oral gavage.

2.10. Micro computed tomography (micro-CT) of bone

The middle to lower 1/3 of the left femurs (telecentric end)
was examined by a Siemens Inveon PET/CT instrument. Bone
mineral density (BMD) was calculated based on X-ray computed
tomography, expressed in Hounsfield units (HU). The detection
conditions for rat femurs were as follows: voltage, 80 kV; current,
500 pA; filter, 0.5 mm; exposure, 1000 ms; image width, 74.6;
height, 49.7 (medium-low); total rotation, full; settle time, 1000
ms; estimated scan time, 792 s. Image and bone density analyses
were performed using the image analysis software of this instru-
ment.

The bones were also examined by a Bruker Skyscan1272 sys-
tem. The instrument detection conditions for rat femurs were as
follows: Source Voltage: 80 kV; Source Current: 125 pA; Image
Pixel Size: 25 um; Filter: Al 1 mm; Number of Files: 315; Number
of Rows: 672; Number of Columns: 1008; Scan duration:
0h:8m:30s. The instrument detection conditions for mouse
femurs and vertebrae are as follows: Source Voltage: 70 KkV;
Source Current: 142 pA; Image Pixel Size: 6 pm; Filter: Al 0.5 mm;
Number of Files: 471; Number of Rows: 896; Number of Columns:
1344; Scan duration: Oh:16m:36s. Bone parameters were calcu-
lated with scanner software according to standardized protocols.

2.11. Tissue sections and TRAP staining

The femurs were fixed with 4% paraformaldehyde at 4 °C for
48 h, and then decalcified with 10% EDTA for 30 days. The distal
end of the femurs was taken out for paraffin embedding and sec-
tioning. The fifth lumbar vertebra (L5) of the mice were fixed in
4% paraformaldehyde at 4 °C for 24 h, and the undecalcified
bones were embedded in methyl methacrylate. Plastic embed-
ding (RM2255, Leica Microsystems, Wetzlar, Germany) and sec-
tioning using the Leica TC65 microtome blade (14021626379,
Leica Microsystems) were conducted as previously reported **.
Histomorphometric analyses were carried out using the Osteo-
measure Analysis System (OsteoMetrics, Atlanta, USA), and the
standard procedures were used according to the procedure in-
struction .

2.12. Hematoxylin and eosin staining

The uteruses, livers, and kidneys were fixed with 4% para-
formaldehyde at 4 °C for 48 h. After dehydration, the tissues were
embedded in paraffin, sectioned, and stained with hematoxylin
and eosin. The stained tissues were observed under a vertical mi-
croscope and photographed. The photographs were statistically
analyzed, and femoral pathological parameters were obtained us-
inga pathological image analysis software as previously de-
scribed *'.

2.13. Acute and chronic toxicity evaluation

Kunming mice aged 6 weeks were randomly divided into
groups of 7 mice each. Body weights were approximately 50 g for
males and 40 g for females. The acute toxicity experiment em-
ployed the high-dose bolus administration method. Each mouse
in the treatment group received AVL-95% fraction at a dose of 5
g'kg™ , and the control group was given the same volume of
vehicle (0.5% CMC-Na), followed by the observation of body
weight, respiratory performance, heart rate, appearance, behavi-
or, secretions, urine and feces excretion for 14 days. Chronic tox-
icity evaluation was performed using female C57BL/6 mice. Mice
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were administrated with AVL-95% at 50 mg-kg™"-d™" for 7 weeks,
and mouse serum and uteruses were collected for examination.

2.14. Statistical analysis

Statistical analysis was performed using One-way ANOVA to
determine the significance of the difference between the means of
multiple groups. Values of P < 0.05 were considered statistically
significant. The GraphPad Prism 6 (v6.0a; GraphPad, La Jolla, CA,
USA) software was used for performing the calculations and stat-
istical analysis.

3. Results

3.1. AVL extract inhibits the progression of osteoporosis in a rat
OVX model

During the exploration of potential effects of AVL, we unex-
pectedly found that AVL extract inhibited osteoporosis in a rat
ovariectomized (OVX) model. The rat OVX model is one of the
mandatory items for pre-clinical research on osteoporosis drugs
approved by the National Medical Products Administration
(NMPA) *"*, As shown in Fig.1A, compared with the sham group,
the cancellous BMD of the femurs in the OVX group was dramatic-
ally reduced by approximately 50%. Histopathological examina-
tion revealed that the trabecular structure of the distal femurs
was severely impaired in OVX rats (Fig. 1B). The values of trabec-
ular bone area (Tb.Ar), trabecular thickness (Tb.Th), and trabec-
ular number (Tb.N) were markedly reduced, whereas the trabec-
ular separation (Tb.Sp) value was increased in OVX rats com-
pared with sham rats (Fig. 1B). These results indicated the suc-
cessful construction of the OVX-induced osteoporosis rat model.

Consistent with previous reports **** oral administration of
estradiol (E,) at 1 mg-kg™-d™" significantly increased the values of
BMD, Tb.Ar, Tb.Th, and Tb.N, and reduced the Tb.Sp value in the
OVX rats (Figs. 1A and 1B). AVL total extract was obtained by ex-
traction of AVL with 60% ethanol (Fig. 2A), and oral administra-
tion of AVL extract to the OVX rats at 500 mg-kg "-day™" for 3
months was carried out ***. We found that AVL extract exhibited
an effect similar to that of E; in ameliorating osteoporosis in the
OVX rats (Figs. 1A and 1B). Thus, AVL extract has a potent anti-
PMO effect in the OVX rats.

3.2. AVL-95% fraction inhibits the progression of osteoporosis in
OVX rats

To identify the effective fractions of AVL extract, we separ-
ated AVL extract into several fractions by using macroporous res-
in adsorption chromatography. Through ethanol gradient elution,
the total extract of AVL was separated into five fractions — AVL-
W (elution with water), AVL-25% (elution with 25% ethanol),
AVL-50% (elution with 50% ethanol), AVL-75% (elution with
75% ethanol), and AVL-95% (elution with 95% ethanol) (Fig. 2A),
which accounted for 14.31%, 32.34%, 17.10%, 2.45%, and 2.02%
of the total extract, respectively (Fig. 2B). We then evaluated the
fractions by using the rat OVX model, and the rat-treating
dosages of the fractions were calculated according to their pro-
portions in the total extract. We found that AVL-50%, AVL-75%,
and AVL-95% fractions exhibited strong effects on increasing
cancellous BMD of the distal femurs in OVX rats, whereas the AVL-
W fraction had no effect and AVL-25% fraction showed a weak ef-
fect (Fig. 2C). These results indicate that the active substances in
AVL are not of high polarity.

Among the effective fractions, the treating dose of AVL-95%
was the smallest, suggesting that the effective substances are
highly concentrated in this fraction. We further confirmed that
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Fig. 1 AVL extract improves osteoporosis in OVX rats. Female Sprague-Dawley rats were subjected to bilateral ovariectomized (OVX) or sham (sham) operation, followed
by the administration with vehicle (Veh), estradiol (E,, 1 mg-kg'-d™") or Apocynum venetum leaf (AVL) extract (500 mg-kg'-d") by oral gavage. After 3 months, rats were
sacrificed and their femurs were collected. Bone mineral density was examined by micro computed tomography (micro-CT, Siemens), and two-dimensional structure of the
longitudinal and transverse sections of the distal femurs was shown (A), scale bar = 0.5 mm. Hematoxylin and eosin staining was performed to examine the trabecular struc-
ture of the distal femurs, and the parameters of the bone trabecula were analyzed by the bone analysis software in strict accordance with bone tissue morphometry ** (B),
scale bar= 0.5 mm. BMD, bone mineral density; HU, Hounsfield unit; Th.Ar, trabecular bone area; Th.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular
separation. Data are expressed as mean * SD, n = 3 in each group. P < 0.05; "P < 0.01; "P < 0.001. (One-way ANOVA).
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Fig. 2 AVL extract and its AVL-95% fraction improve osteoporosis in OVX rats. (A) The morphology of Apocynum venetum leaf (AVL) before extraction and the schematic
diagram of the procedure of AVL extraction and extract separation. (B) The proportion of each fraction in the total extract of AVL. (C) Female Sprague-Dawley rats were sub-
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oral administration of AVL-95% at the doses of 10 and 50
mg-kg™-d™" significantly increased the values of BMD, bone
volume fraction (BV/TV), and Tb.N, and reduced the values of
Tb.Sp of the femoral cancellous bones in the OVX rats (Fig. 3). In
addition, the efficacy of AVL-95% fraction was comparable to that
of E, at 1 mg-kg™"-d™*(Fig. 3).

3.3. AVL-95% fraction inhibits the progression of osteoporosis in a
mouse OVX model

We further investigated whether the AVL-95% fraction ex-
hibited cross-species efficacy against PMO using a mouse OVX
model. Compared with sham mice, the microstructure of the
femoral cancellous bones was impaired and bone density was de-
creased in OVX mice (Fig. 4). The total flavonoids of Rhizoma
Drynariae (TFRD), the main component of Qianggu Capsule, a
patented TCM, have been widely used in treating PMO. Consist-
ently, we found that TFRD at 200 mg-kg™-d”" ameliorated the
cancellous microstructure in OVX mice (Fig. 4). As expected, ad-
ministration of AVL-95% at both 50 and 200 mg-kg™'-d™" showed
potent efficacy in inhibiting the deleterious progression of the
femoral cancellous bones in the OVX mice (Fig. 4). Statistical ana-
lysis showed that AVL-95% at 200 mg-kg™'-d™" significantly in-
creased BMD, BV/TV, Tb.N and Tb.Th, and decreased Tb.Sp and
the structure model index (SMI) of femoral cancellous bones in
OVX mice (Fig. 4). It was noteworthy that AVL-95% at 200

OVX + AVL-95%

OVX +E:
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Fig. 3 AVL-95% fraction improves osteoporosis in OVX rats. The OVX rats were
administered intragastrically with E, (1 mg-kg™"-d™") and AVL-95% (10 and 50
mg-kg™'-d™") for 3 months, and the cancellous bones of femurs were examined by
micro-CT (Bruker, Skyscan1272). The three-dimensional (3D) reconstruction of
the cancellous bones of the distal femur in the region of interest was shown. Scale
bars = 0.5 mm. BMD, bone mineral density; BV/TV, bone volume fraction; Th.N,
trabecular number; Tb.Sp, trabecular separation. Data are expressed as mean *
SD, n =5 in each group. NS, non-significant; P < 0.05; “P < 0.01; “"P < 0.001. (One-
way ANOVA).
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mg-kg'-d™" showed similar or better effect than TFRD on inhibit-
ing osteoporosis.

Interestingly, AVL-95% also exhibited potent effect on
strengthening the femoral cortical bone in the OVX mice. As
shown in Fig. 5A, both AVL-95% and E, increased the cortical
BMD (CBMD), cortical bone fraction (Ct.Ar/Tt.Ar, cortical bone
area/total cross-sectional area), and cortical thickness (Ct.Th) of
the femurs while reducing the marrow area (Ma.Ar) of the femurs
in OVX mice. Ovariectomy also caused damage to the vertebral
structure, as indicated by decreased BMD, BV/TV, and Tb.Th of
the vertebrae in OVX mice (Fig. 5B). Both E, and AVL-95% in-
creased these vertebral indexes in OVX mice. Thus, the beneficial
effect of AVL-95% is not only to femurs but also to vertebrae in
OVX mice.

3.4. AVL-95% inhibits osteoclast formation and function

A major mechanistic cause of PMO is the functional imbal-
ance between osteoclasts and osteoblasts, most often resulting
from excessive osteoclast generation or activation. Thus, inhibit-
ing osteoclast generation or activation is a well-established and
effective approach for treating osteoporosis >’ To gain mechan-
istic insights into the effects of AVL-95%, we investigated wheth-
er AVL-95% regulated osteoclast formation and function. Tartrate-
resistant acid phosphatase (TRAP) is a marker enzyme of osteo-
clasts, and TRAP-positive osteoclasts can be stained red with
staining reagent in the presence of sodium tartrate. We found
that osteoclast hyperplasia occurred in the lumbar vertebrae of
OVX mice, as evidenced by increased TRAP staining and elevated
osteoclast number per bone perimeter (N.Oc/B.Pm) and osteo-
clast surface per bone surface (0c.S/BS) indexes (Fig. 6A). Admin-
istration of AVL-95% effectively reduced TRAP staining as well as
the values of N.Oc/B.Pm and Oc.S/BS.

We further isolated BMMs from mice administered vehicle or
AVL-95% and evaluated the osteoclastogenic potency of the
primary BMMs in vitro. Treatment with M-CSF and RANKL signi-
ficantly induced osteoclast formation — large multinucleated
cells — from primary BMMs isolated from vehicle-treated OVX
mice but not from sham mice (Fig. 6B). This result indicates that
BMMs from OVX mice possess much stronger osteoclastogenic
potency than those from sham mice, most likely due to ovariec-
tomy-induced estrogen deficiency. However, the osteoclastogen-
ic potency of BMMs isolated from AVL-95%-treated OVX mice
was substantially diminished compared with that of BMMs from
vehicle-treated OVX mice (Fig. 6B). Thus, AVL-95% reduces the
osteoclastogenesis potency in vivo.

The inhibitory effect of AVL-95% on osteoclastogenesis was
further validated by our in vitro results. BMMs purified from the
mice without any treatment were cultured in vitro and then
treated with M-CSF and RANKL together with vehicle, E, or AVL-
95%. Treatment with the combination of M-CSF and RANKL, but
not M-CSF alone, significantly induced the emergence of osteo-
clasts (Fig. 7A). Thus, RANKL is essential for osteoclastogenesis.
As expected, both AVL-95% at 5 pug-mL™" and E, at 100 nmol-L™
strongly inhibited RANKL-induced osteoclast formation with a
comparable efficacy. In addition, AVL-95% showed a dose-de-
pendent inhibitory effect on osteoclast formation (Fig. S1). After 7
days of induction by M-CSF and RANKL, osteoclasts became ma-
ture and functional, exhibiting bone resorption capability as in-
dicated by the wide areas of absorption pits on the Corning Osteo
Assay plates (Fig. 7B). Both AVL-95% and E, dramatically re-
duced the resorption area (Fig. 7B). Thus, the formation and/or
the activity of osteoclasts is inhibited by AVL-95%.

3.5. AVL-95% inhibits RANKL signaling

We further explored the mechanisms underlying AVL-95%
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mice were sacrificed, and their femurs were collected and examined by micro-CT (Bruker, Skyscan1272). The cancellous bone of femurs was analyzed by micro-CT, and the
3D reconstructions of the trabecular bone were obtained using the software Skyscan-1272. Scale bar = 0.5 mm. TFRD, total flavonoids of Rhizoma Drynariae; BMD, bone
mineral density; BV/TV, bone volume fraction; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; SMI, structure model index. Data are ex-
pressed as mean * SD, n = 5 in each group. NS, non-significant; P < 0.05; "P < 0.01; P < 0.001; “"P < 0.0001. (One-way ANOVA).

action in osteoclastogenesis. We found that RANKL-induced ex- Ctsk — in BMMs was potently inhibited by AVL-95% (Fig. 8A),

pression of osteoclast marker genes — Nfatcl, Trap, Calcr and confirming its inhibitory effect on osteoclastogenesis. The master
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Fig. 5 AVL-95% exerts beneficial effect on cortical bone and lumbar vertebrae in OVX mice. Female C57BL/6 mice were subjected to bilateral OVX or sham surgery. One
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OVA).

transcription factor driving osteoclastic differentiation is nuclear
factor of activated T cells 1 (NFATc1), which is encoded by the
Nfatcl gene and induced by the transcription factor AP-1, a het-
erodimer of c-Jun and c-Fos. AP-1 is regulated by MAPKs, includ-
ing c-Jun N-terminal kinase (JNK), p38, and extracellular signal-
regulated kinase (ERK), which are downstream transducers of
RANKL signaling °. We then investigated whether AVL-95% inhib-
ited RANKL-induced activation of these MAPKs. As shown in Fig.
8B, treatment of BMMs with RANKL strongly activated JNK, p38
and ERK, as indicated by their increased phosphorylation. Con-
sistent with previous reports *”*', E, dose-dependently inhibited
RANKL signaling in BMMs, which, to some extent, accounts for its
inhibitory effect on osteoclastogenesis. Similarly, AVL-95% frac-
tion also dose-dependently inhibited RANKL-induced phos-
phorylation of the MAPKs (Fig. 8B). Moreover, RANKL-induced
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phosphorylation of p65, a subunit of NF-kB that plays an import-
ant role in RANKL-induced osteoclastogenesis, was also inhibited
by AVL-95% in BMMs (Fig. 8C). Thus, the AVL-95% fraction ap-
pears to inhibit RANKL signaling to impede osteoclast differenti-
ation, thereby contributing to the suppression of osteoporosis.

3.6. AVL-95% has no apparent toxicity

To evaluate the drug property of AVL-95% fraction, its acute
and chronic toxicity were assessed. After a single oral administra-
tion of AVL-95% fraction at 5 g-kg ™', no abnormalities in respirat-
ory performance, appearance, behavior, secretions, or urine and
feces excretion were observed in mice. No significant changes in
body weight or the weight indexes of the hearts, livers, spleens,
lungs, and kidneys were observed in either male or female mice
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Fig. 8 AVL-95% fraction inhibits RANKL signaling. (A) BMMs purified from bone marrows of C57BL/6 mice were stimulated with RANKL (50 ng-mL™") and M-CSF (50
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Data are expressed as mean # SD, n = 3 in each group. NS, non-significant; ‘P < 0.05; “P <0.01; ~'P < 0.001. (One-way ANOVA).

(Figs. S2A and S2B). Moreover, the mice treated with AVL-95%
fraction were all survived. Chronic toxicity study showed that
AVL-95% at the dosage of 50 mg-kg™-d™* for 7 weeks did not af-
fect the weight of mice (Fig. S2C). The blood biochemical indexes
of mouse livers (aspartate aminotransferase (AST) and alanine
aminotransferase (ALT)) and kidneys (urea and uric acid (UA))
were not affected by the administration of AVL-95% fraction (Fig.
9A). Tissue sections showed that AVL-95% treatment caused no
apparent pathological changes in livers and kidneys (Fig. 9B).
These results preliminarily indicate that AVL-95% fraction has a
favorable safety profile in rodents.

A major adverse effect of HRT is the increased risk of endo-
metrial hyperplasia due to its strong estrogenic effects. Natural
extracts often contain estrogenic substances that exert beneficial
effects on osteoporosis by acting similarly to estrogen. Estrogen-
ic effects can be reflected in the maintenance of uterine morpho-
metry and function. In our OVX rat and mouse models, significant
endometrial shrinkage and uterine weight reduction were ob-
served in both mice and rats (Fig. 9C and Fig. S3), resulting from
the estrogen deficiency. Treatment with E, (1 mg-kg™") in mice
and rats robustly rescued OVX-induced endometrial shrinkage
and uterus weight loss (Fig. 9C and Fig. S3), exhibiting the strong
potency of E, in uterine stimulation. However, AVL-95% fraction
did not show apparent effects on endometrial thickness and uter-
us weight in the OVX mice and rats (Fig. 9C and Fig. S3).
Moreover, E, potently promoted the viability of the breast cancer
MCEF-7 cells, whereas AVL-95% did not show an apparent effect
(Fig. 9D). These results indicate that AVL-95% fraction does not
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possess estrogenic activity.
4. Discussion

Osteoporosis is a chronic but generally not a life-threatening
disease, and patients need to take medicine for a long-term or
even for their entire lives ***. Thus, in addition to satisfactory ef-
ficacy, extremely low toxicity should be the primary property of
the anti-osteoporosis drugs, which is a quality generally lacking
among current clinical osteoporosis medications. TCMs, espe-
cially those with homology of medicine and food, are character-
ized by low toxicity and are thereby suitable for long-term treat-
ment ***. Here, we found that the extract of AVL, a TCM with
both nutritional and medicinal values, had strong anti-osteo-
porosis activity.

Although AVL has been used both as food and medicine for a
long history **’, the data concerning its safety are still missing.
In addition, the preparation of AVL extract and the AVL-95% frac-
tion involves ethanol extraction, which differs from the tradition-
al preparation of AVL for Chinese medicine that typically uses wa-
ter as the solvent. Thus, assessing the toxicity of the AVL-95%
fraction before further consideration of its application in osteo-
porosis is important. Our acute and chronic toxicity experiments
showed no significant toxicity of the AVL-95% fraction in mice,
supporting its safety and the feasibility of the preparation pro-
cedure. The clinical use of estrogen can effectively prevent and
treat PMO, but estrogen use generally cannot exceed 2 years,
primarily due to its estrogenic side effects **. Our study showed



Y. CHEN et al.

Chinese Journal of Natural Medicines 24 (2026) 710-719

40 NS
A 100 NS —— 15— 250 .
_L‘ 80 ’T: 30 :‘:] , 3 200 e
- - 1 -
5% 2 20 £ % 150
= 40 5 = E
< 5 210 <5 < 100
& o 50
0 0 = 0 0
ovx -+ OVX o ovx -+ + ovx - + +
AVL-95% (50 mg-kg'*d") — - + AVL-95% (50 mg-kg'd?) - -  +AVL95% (50 mgkghdl) - -  + AVL-95% (50 mgkg'd) - - o+
B 959 D
Sham + Veh OVX + Veh OVX + AVL-95%
‘ (50 mg-kg d ) s
2RY xR \‘«\,‘ X
2
25 150
5 2 100
=
=
Z 50
A LWL iy 3
LA IR YRR A LA |
] o P T
Zg A Wi 0
gg E (molLhy - 100 -
] AVL-95% - - 5
(ng'mL™)
OVX+E, OVX +AVL-95%
C  Sham+ Veh OVX + Veh (1 mgke'd") (10 mgkg'd )
| - ] o 10 150 —— NS
=£ 8 e
=S
| 55 6 E £ 100
: | & c2, 27
4 9
& i E ‘ 5%, $E 50
[Sh] 8 E
OVX+E, OVX+ AVL-95% 0 0 =
2 -~ o _
Sham + Veh OVX + Veh (1 mgkgd™) (10 mg-kg-d) OvVX + o+ o+ ovX - + + +
P ) s W\% T E,(Imgkg'd) - - + - E,(Imgkg’d) - - + -
v/, e L g AVLOS%(Omgkeld) - - = b AVLO%(0mgkgd) - - - 4
"
id

Fig. 9 AVL-95% fraction has no obvious toxicity. (A, B) The OVX C57BL/6 mice were administered intragastrically with AVL-95% fraction (50 mg-kg™-d™") for 7 weeks.
Blood samples were drawn from orbit for quantification of AST, ALT, urea and uric acid (UA) (A). The morphometric examination of mouse livers and kidneys was per-
formed by hematoxylin and eosin staining. Scale bar = 100 ym (B). (C) The OVX rats were administered intragastrically with E, (1 mg-kg™-d™") and AVL-95% fraction (10
mg-kg'-d™) for 10 weeks. The size of uterus and the thickness of endometrium were measured. The spacing between the two red arrowheads indicates the thickness of the
endometria. Scale bar = 500 pum. (D) MCF-7‘cells were treated with E, and AVL-95% for 48 h, and cell viability was measured by MTT assay. Data are expressed as mean *

SD, n =5 in each group. NS, non-significant; ""P < 0.001; “"'P < 0.0001. (One-way ANOVA).

that AVL-95% fraction had comparable effect as E, on ameliorat-
ing osteoporosis. However, it did not show any estrogenic side ef-
fects, representing a favorable factor that warrants its long-term
usage for PMO treatment.

The AVL-95% fraction accounts for only about 2% of the total
extract, yet it showed an effect comparable to that of the total ex-
tract. This indicates that the active ingredients can be effectively
obtained by separation. Moreover, it is reasonable to presume
that the AVL-95% fraction should be safer than the total extract,
because approximately 98% of the ingredients, which may con-
tain potentially toxic substances, were removed. Consistently, we
did not detect significant toxicity of the AVL-95% fraction in our
preliminary toxicity evaluation. However, the safety advantage of
AVL-95% over the total extract should be confirmed by future
systematic evaluation. The efficacy of AVL extract was demon-
strated in both rat and mouse OVX models, indicating its cross-
species efficacy. Moreover, AVL extract improved both cancel-
lous and cortical bones. Additionally, it was beneficial to both
femurs and vertebrae in OVX mice. These results indicate that the
efficacy of AVL-95% in ameliorating osteoporosis may be system-
ic. The potent and systemic effect of AVL on PMO inhibition war-
rants further investigation.

Mechanistically, we found that AVL-95% inhibited the forma-
tion and function of osteoclasts, revealing one of the underlying
mechanisms of its action. Moreover, AVL-95% was shown to in-
hibit RANKL signaling, through which AVL-95% likely exerts its
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osteoclastic inhibition. It has been reported that estrogen inhib-
its osteoclastogenesis by targeting and activating ERa to inhibit
RANKL signaling. However, AVL-95% does not appear to act
through ERa because it did not produce apparent estrogenic ef-
fects. Thus, how AVL-95% exerts its inhibitory effect on RANKL
signaling requires further investigation.

Given the multiple mechanisms of PMO development and the
complex ingredients in AVL extract, it is conceivable that AVL ex-
tract and the AVL-95% fraction exert anti-PMO effects through
different substances working via different mechanisms, which
may account for the systemic effect of the AVL-95% fraction. For
example, the substances in the AVL-95% fraction might also regu-
late the formation and activity of osteoblasts to exert its anti-PMO
efficacy.

To further explore the mechanisms of AVL-95% and the po-
tential of its clinical application, it is necessary to determine
which pure compounds in AVL-95% are responsible for the anti-
osteoporosis effects in future studies. After identification of the
active compounds, we will determine the therapeutic actions of
these compounds, including inhibition of RANKL signaling. Fi-
nally, the targets of the active compounds and the molecular
mechanisms of their actions will be elucidated.

5. Conclusions

In this work, we disclosed the previously unidentified effic-
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acy of AVL extract in treating PMO and identified the effective
fraction AVL-95%. Mechanistically, the AVL-95% fraction inhibits
osteoclastogenesis by down-regulating RANKL signaling in the
precursor cells of osteoclasts. Importantly, the AVL-95% fraction
exhibits no apparent toxicity in rats and mice.
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