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Osteoporosis is a systemic skeletal disorder characterized by reduced bone mass, comprom-
ised bone microstructure, and an increased risk of fractures, primarily due to excessive osteo-
clast-mediated bone resorption relative to osteoblast-mediated bone formation. While cur-
rent anti-osteoporosis drugs, such as bisphosphonates and denosumab, predominantly focus
on reducing bone resorption, osteoanabolic approaches are essential for restoring bone mi-
croarchitecture and ultimately reducing fracture risk. Traditional Chinese medicines (TCMs)
and their active ingredients have long been used in China for osteoporosis prevention and
treatment. This review provides a comprehensive evaluation of the effects and molecular
mechanisms of 65 natural products across 24 categories on osteoblast-mediated bone forma-
tion. These compounds promote bone formation by regulating key transcription factors
(RUNX2 and Osterix) and signaling pathways, including WNT/f-catenin, bone morphogenic
protein (BMP), mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT), oxidative stress, autophagy, and epigenetic regulation. Notably, certain
natural products [e.g., icariin (ICA)] exert their effects through multiple targets and pathways.
Many of these natural products have demonstrated significant therapeutic efficacy in animal
models, such as ovariectomized (OVX) mice. Our findings suggest that natural products with
kidney-tonifying, anti-inflammatory, and antioxidant properties, as well as those inhibiting
adipocyte differentiation, may hold promise for osteoporosis treatment. Additionally, we
highlight current research gaps and propose future directions, including high-throughput
screening and validation in diverse animal models, development of novel bone-targeting de-
livery systems, and identification of natural compounds targeting osteocytes.

1. Introduction

(herein limited to primary osteoporosis) is mainly categorized in-
to three types: type 1, postmenopausal osteoporosis, predomin-

Bone tissue is a dynamic connective tissue composed of cells,
fibers, and matrix, with its remodeling precisely governed by the
balance between osteoblasts and osteoclasts ', Osteoblasts stimu-
late bone formation by producing essential matrix proteins, in-
cluding type I collagen, osteonectin, osteocalcin, and alkaline
phosphatase, which form the primary structural framework with
hydroxyapatite. Osteoclasts, originating from monocytes, resorb
bone under the influence of macrophage colony-stimulating
factor (M-CSF) and receptor activator of NF-xB ligand (RANKL).
This balance can be disrupted by various factors, such as estro-
gen deficiency post-menopause in females, aging, increased in-
flammatory factors, and oxidative stress. Upon the onset of this
circumstance, osteoporosis develops (Fig. 1).

Osteoporosis is a systemic metabolic bone disease character-
ized by decreased overall bone mass, compromised bone mi-
croarchitecture, and increased fracture risk °. Osteoporosis
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antly affects women beyond the age of 50; type 2, also known as
senile osteoporosis, is prevalent among women aged over 65 and
men over 70; and type 3, idiopathic juvenile osteoporosis °. Os-
teoporosis significantly increases the risk of fractures
throughout the body, with hip and spinal fractures being the
most common . Fractures represent a significant public health
burden, as they are a leading cause of morbidity, injury, decline
in quality of life, and mortality °. Consequently, osteoporosis con-
stitutes a global public health challenge. By 2025, the total bur-
den of osteoporosis is projected to increase by 50%, with over 3
million fractures occurring annually in the United States, at an es-
timated cost of $ 25.3 billion °. Globally, 200 million people suffer
from osteoporosis, resulting in 8.9 million fractures annually °.
The prevalence rate of osteoporosis is 18.3%, with a higher incid-
ence in women than in men (23.1% vs 11.7%) ’. The cost of treat-
ing osteoporotic fractures in five European countries (France,
Germany, the UK, Italy, and Spain) is € 29 billion, and 38.7 bil-
lion across all 27 EU member states. This cost is expected to rise
by 25% by 2025 °. With the rapid increase in the aging popula-
tion, the global challenge of osteoporosis will further intensify.
Currently, therapeutic approaches for osteoporosis are

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Fig. 1 Bone remodeling, osteoporosis, and therapeutic treatments currently
available. Symbols: continuous lines with pointed arrowheads indicate molecule
production or process upregulation; continuous lines with blunt arrowheads in-
dicate process downregulation; dashed lines with pointed arrowheads indicate an
intermittent stimulation causing process upregulation.

primarily divided into two types: attenuating bone resorption
and stimulating bone formation. Fig. 1 exemplifies the main
therapeutic approaches currently available and their correspond-
ing targets. Therapeutic agents for inhibiting bone resorption en-
compass three main categories: bisphosphonates, denosumab,
and estrogen receptor agonists. Bisphosphonates and denos-
umab are the most widely used anti-osteoporosis drugs, having
prevented millions of fractures in the past decades ” . However,
these medications may elicit adverse reactions to varying de-
grees. Approximately 20%-30% of patients taking oral bisphos-
phonates experience upper gastrointestinal symptoms, while in-
travenous administration may lead to fever and musculoskeletal
pain. Additionally, these drugs can induce hypocalcemia in pa-
tients with severe vitamin D deficiency ' '*. Denosumab gener-
ally has fewer side effects, yet a notable concern is the risk of ver-
tebral fractures upon discontinuation. In the extension phase of a
Phase 3 study, 15% of women who ceased denosumab experi-
enced subsequent vertebral fractures, with two-thirds encounter-
ing multiple fractures ", Estrogen receptor agonists raise con-
cerns about breast, endometrial, and colorectal cancers, as well
as coronary heart disease, stroke, and thromboembolism 15
Medications that promote bone formation mainly consist of para-
thyroid hormone type 1 receptor agonists (teriparatide and
abaloparatide) and sclerostin antibodies (romosumab). Although
the short-term effect is outstanding, the long-term use of teripar-
atide may require repeated injections and cause adverse effects
such as nausea, headaches, and transient hypercalcemia. Ro-
mosumab is the only approved drug that simultaneously in-
creases bone formation and decreases bone resorption, but it is
currently reserved for patients at high risk of fractures, and the
long-term safety profile remains unclear > ", It is increasingly re-
cognized that only osteoanabolic approaches might restore bone
microstructure and ultimately reduce fracture risk '°. Therefore,
there is an urgent need to develop novel and effective drugs that
promote bone formation. Natural products, especially the main
active ingredients of TCM, have long been used in China for osteo-
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porosis prevention and treatment and are emerging as prom-
ising candidates.

2. Traditional Chinese medicines, osteoporosis, and osteo-
blast-mediated bone formation

Traditional Chinese medicine (TCM) formulas typically con-
sist of two or more herbs, and their therapeutic principle hinges
on the synergistic effects arising from complex herb interactions,
which amplify therapeutic efficacy and mitigate potential side-ef-
fects of individual herbs . In China, dozens of TCM formulas are
commonly used for osteoporosis prevention and treatment,
demonstrating significant clinical efficacy *> *'. For instance, Er
Xian Decoction (EXD) is formulated with Curculigo orchioides,
Epimedium brevicornu, Phellodendron chinense, Morinda officinal-
is, Angelica sinensis, and Anemarrhena asphodeloides. In a 12-
week treatment of 35 postmenopausal osteoporotic patients, EXD
markedly raises bone mineral density (BMD) and the serum
levels of alkaline phosphatase (ALP), calcitonin, estradiol, and os-
teocalcin (OCN), while also relieving pain *". Similarly, Xianling-
Gubao Capsules (XLGB), formulated with Epimedium brevicornu,
Dipsacus asper, Anemarrhena asphodeloides, Salvia miltiorrhiza,
Rehmannia glutinosa, and Cullen corylifolium, have been shown to
effectively enhance femoral neck BMD and serum levels of ALP
and OCN in postmenopausal osteoporotic patients when com-
bined with calcium, according to a network meta-analysis by Luo
etal. .

Some researchers are attempting to elucidate the potential
mechanisms of TCM formulas in osteoporosis treatments. An
early study by Wei et al. demonstrated that Bugu-Shengsui De-
coction (BGSSD) significantly improves bone metabolism, BMD,
bone morphology, and biomechanics in orchiectomized rats.
Mechanistically, BGSSD promotes the proliferation and differenti-
ation of osteoblasts through the phosphoinositide 3-kinase/pro-
tein kinase B (PI3K/AKT) signaling pathway **. Another study by
Dai et al. reported that Si-Jun-Zi Decoction (SJZD) can ameliorate
bone loss in diabetic mice partially via upregulating RUNX2 and
activating the WNT/f-catenin signaling pathway **. Recently, re-
searchers have shown that Jiangu Granules, another TCM for-
mula, can alleviate postmenopausal osteoporosis by elevating the
levels of osteogenic markers COL1, OCN, osterix (0SX), and
RUNX2 *. Accumulating evidence suggests that many TCM for-
mulas exert anti-osteoporotic effects against osteoporosis via ac-
tivating the osteoblast-mediated bone formation. Identifying the
efficacy and potential molecular mechanisms of active TCM com-
pounds can aid in safe medication use and drug discovery. Thus,
this review aims to examine the effects and molecular mechan-
isms of natural products, particularly TCM active ingredients, on
osteoblast-mediated bone formation and explore their applica-
tion prospects.

3. Osteoblast-mediated bone formation: transcription
factors, bone-specific matrix proteins, and related signaling
pathways

Osteoblasts originate from mesenchymal stem cells (MSCs) in
the bone marrow, which can also differentiate into chondrocytes
and adipocytes. The schematic of osteoblast differentiation is de-
picted in Fig. 2. The differentiation of MSCs into osteoblasts is
primarily driven by RUNX family transcription factor 2 (RUNX2),
the master regulator of osteogenesis. Inactivating mutations in
RUNX2 can completely inhibit osteoblast differentiation *°. Os-
terix (OSX/SP7), a downstream transcription factor of RUNX2, is
crucial for osteoblast differentiation; its inactivation halts this
process *’. RUNX2 and osterix induce the differentiation of osteo-
blast precursor cells into preosteoblasts. During this stage, cells
express type I collagen (COL1), synthesize a collagen-rich extra-
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cellular matrix (ECM), and induce the expression of tissue non-
specific alkaline phosphatase (ALP) to initiate bone mineraliza-
tion. As preosteoblasts differentiate into mature osteoblasts, the
genes Bglap1 (bone gamma carboxyglutamate protein 1), Bglap2,
and Bglap3 are expressed, leading to the production and secre-
tion of OCN. OCN is a highly abundant protein in the ECM and
serves as a terminal phenotypic marker for osteogenesis. Some
mature osteoblasts undergo apoptosis, while others integrate in-
to the bone matrix and further differentiate into osteocytes **.

(RUNX2) [ RUNX2, OSX (OCN
’ ‘ COL1, ALP ‘ g
MSCs Osteoblast precursor ~ Preosteoblast Osteoblast Osteocyte

Fig. 2 The schematic of osteoblast differentiation. Important transcription
factors and representative phenotypic markers are denoted at specific stages.

Bone formation is governed by transcription factors and key
signaling pathways, including WNT/f-catenin, bone morphogen-
ic protein (BMP), mitogen-activated protein kinase (MAPK),
PI3K/AKT, oxidative stress, autophagy, and epigenetics, which
collectively modulate osteoblast proliferation, differentiation,
and mineralization (Fig. 3). Natural products that promote bone
formation will be introduced based on the relevant pathways
(Tables S1-S9).
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Fig. 3 The integrated schematic of the signaling pathways participating in osteo-
blast-mediated bone formation. The important pathways and key molecules are
displayed, respectively. The proliferation, differentiation, and mineralization of
osteoblasts are upregulated (pointed arrowheads), and/or downregulated (blunt
arrowheads) through above pathways and key molecules, ultimately affecting
bone formation.

4. Modulatory effects of natural products on transcription
factors

Icariin (ICA), a flavonoid isolated from Epimedium brevi-
cornu, is used as a tonic in traditional Chinese medicine. When
ICA is used to treat rat calvarial osteoblasts and osteoclasts at
concentrations of 0.1, 1, and 10 pmol-L™, it increases the expres-
sion of Runx2 and Sp7 mRNA in osteoblasts, while decreasing the
expression of c-Jun N-terminal kinase (JNK) and p38 kinase (p38)
in osteoclasts. Treating OVX rats with 40 mg-kg™-d™" of ICA for
90 d significantly increases bone mass and reverses trabecular
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bone structural abnormalities. Subsequent transcriptome and pro-
teome sequencing of rat femurs reveals associations with bone
remodeling, energy metabolism, cytoskeleton, lipid metabolism,
mitogen-activated protein kinase (MAPK) signaling, and Ca*" sig-
naling *°. Another research by Liu and Li et al. demonstrates that
ICA (0.01 pmol-L™") markedly counteracts lipopolysaccharide
(LPS)-induced bone loss by suppressing the miR-34c expression
and then relieving its targeting effect on RUNX2 in rat BMSCs *’.

Calycosin, formononetin, and calycosin-G, three extracts of
Astragalus membranaceus, boost osteoblast activity and prolifera-
tion. Treating rat calvarial osteoblast precursors with concentra-
tions ranging from 10 to 107" mol-L™" of these extracts in-
creases expression of ALP, RUNX2, and bone morphogenetic pro-
tein 2 (BMP-2) in cells, elevates COL1 and OCN levels in the cul-
ture medium, and promotes calcium nodule formation, with the
most pronounced effects at 10 mol-L™" *'. Cycloastragenol
(CAG), another triterpenoid saponin compound extracted from
Astragalus membranaceus, administered at 50 pmol-L ™" in MC3T3-
E1 cells, enhances osteogenic markers including RUNX2, ALP,
OCN, osteopontin (OPN), and COL1, stimulates ALP activity, and
promotes osteogenic mineralization. CAG also reverses dexa-
methasone-induced osteogenic inhibition in a telomerase-de-
pendent manner, as evidenced by the inhibitory effect of a te-
lomerase inhibitor (5 umol-L™). In a zebrafish larval model of os-
teoporosis induced by 20 pmol-L™" dexamethasone, CAG (25-100
umol-L™") significantly alleviates the osteoporotic phenotype,
characterized by reduced osteogenic mineralization **.

Lycii Radicis Cortex (LRC, Lycium barbarum) and Achyrantes
japonica (A]) have been widely used as traditional medicine in
eastern Asia. A combined extract of LRC and AJ (LRC:A] =8:2, 10
pg-mL™") remarkably enhances the expression of RUNX2, ALP,
and OCN, as well as the mineralized nodule formation in MC3T3-
E1 cells, while suppressing osteoclast differentiation in bone
marrow macrophage cells (BMMs). Moreover, co-treating OVX
mice with LRC and A] extracts (at doses of 150 and 300
mg-kg-d™ for 12 weeks) improves the bone mineral density
(BMD) and the trabecular bone structural properties, and elev-
ates serum osteoprotegerin (OPG)/RANKL levels **. Kukoamine B
(KB), isolated from LRC, promotes ALP activity and matrix miner-
alization and increases osteogenic marker expression (ALP, OSX,
OCN) in MC3T3-E1 cells (20 pumol-L™). Additionally, KB treat-
ment significantly decreases tartrate-resistant acid phosphatase
(TRAP) activity and TRAP-positive osteoclasts in BMMs. In vivo,
treatment of OVX mice with KB (5 mgkg"-d™ for 12 weeks)
markedly alleviates bone loss and restores the trabecular mi-
croarchitecture **. Scopolin, a coumarin extracted from LRC, also
exhibits the bone protective effects by promoting osteogenesis,
diminishing osteoclastogenesis, as well as ameliorating the OVX-
induced bone loss **

Loganic acid (LA), a terpenoid extracted from the root of Gen-
tiana lutea, significantly enhances ALP activity and promotes the
expression of Alp, Bglap, and Sp7 in MC3T3-E1 cells at 50
umol-L™", Additionally, treatment with LA inhibits the TRAP activ-
ity and osteoclast differentiation in BMMs. In OVX mice, treat-
ment with LA (2, 10, and 50 mg-kg™"-d™") for 12 weeks markedly
reverses OVX-induced decreases in BMD and trabecular prope-
rties *°.

Cuscutae Semen polysaccharide (CSP) is a polysaccharide ex-
tracted from the seed of Cuscuta chinensis. In OVX rats, oral ad-
ministration of CSP (400 mgkg™-d™") for 12 weeks can reduce
weight gain, increase BMD, mitigate trabecular bone loss, and
modulate serum levels of key bone metabolic biomarkers. Spe-
cifically, CSP increases serum levels of insulin-like growth factor
(IGF), transforming growth factor f (TGF-B), OCN, and OPG,
while decreasing TRAP and C-terminal telopeptide of type I colla-
gen (CTX). Mechanistically, the osteoprotective effects of CSP are
mediated by elevating the osteoblast-related mRNA markers, in-
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cluding Runx2, Sp7, BMP-2, and Smad5, while diminishing the ex-
pression of osteoclast markers such as proto-oncogene c-Fos,
cathepsin K (CTSK), TRAP, and nuclear factor of activated T cells
1 (NFATc1) ™.

5. WNT/B-catenin signaling pathway and natural products

5.1. WNT/p-catenin signaling pathway and bone formation

The WNT signaling pathway plays a crucial role in the devel-
opment and maintenance of various organs and tissues, particu-
larly the skeletal system. When the WNT signaling pathway is in-
active, cytoplasmic f-catenin is phosphorylated by the destruc-
tion complex (DC) and subsequently degraded via the ubiquitin/
proteasome pathway. The DC primarily consists of three compon-
ents: adenomatous polyposis coli (APC), axin, and glycogen syn-
thase kinase 3f (GSK3pB). APC and axin form a protein scaffold
that facilitates the binding of GSK3p to S-catenin, promoting its
phosphorylation. The phosphorylated S-catenin is then degraded
through the ubiquitin/proteasome pathway mediated by S-trans-
ducin repeats-containing protein (S-TrCP). Activation of the
WNT/[S-catenin signaling pathway occurs when WNT ligands
bind to the frizzled receptor and its co-receptor, low-density lipo-
protein receptor-related protein 5/6 (LRP5/6), on the cell mem-
brane. This binding event disrupts the destruction complex (DC),
inhibiting the activity of GSK3B and preventing f-catenin phos-
phorylation. Consequently, f-catenin accumulates in the cyto-
plasm and translocates into the nucleus, where it binds to the T-
cell factor/lymphoid enhancer factor (TCF/LEF) transcription
factors to promote the expression of downstream genes **. This
cascade upregulates the osteogenic transcription factor RUNX2,
which in turn drives the expression of Alp, Ocn, and Col1. Addi-
tionally, B-catenin boosts Sp7 expression, facilitating the matura-
tion of precursor osteoblasts into fully differentiated osteobl-
asts *°. It has been reported that some TCM formulas for treating
osteoporosis, such as Guhong Injection, promote the prolifera-
tion and differentiation of osteoblasts by activating the WNT/f-
catenin signaling pathway *.

5.2. Modulatory effects of natural products on the WNT/f-catenin
pathway

2,4,5-Trimethoxyldalbergiquinol (TMDQ), extracted from
Dalbergia odorifera, exhibits osteoprotective properties by en-
hancing ALP activity, mineralized nodule formation, and the ex-
pression of osteogenic markers, including Alp, Ocn, Opn, bone sia-
loprotein (Bsp), and Runx2, in mouse calvarial osteoblasts at con-
centrations of 0.1 and 1 pmol-L™. Further investigations reveal
that TMDQ stimulates osteoblast differentiation by activating the
Wnt/f-catenin and BMP/Smad1/5/8 pathways *'.

A detailed study by Hu et al. shows that ICA exerts a signific-
ant protective effect against glucocorticoid-induced osteoporosis
in both SaoS-2 cells and murine models. Mechanistically, ICA mit-
igates glucocorticoid-induced osteoporosis by upregulating the
expression of bone enhancer DEC1 and by activating the GSK383/-
catenin and PI3K/Akt signaling pathways *.

Hymenialdisine (HMD), a kinase inhibitor derived from mar-
ine sponges, inhibits RANKL-induced osteoclastogenesis and
bone resorption via blocking the NF-kB and MAPK pathways. Ad-
ditionally, HMD stimulates osteoblast differentiation by activat-
ing ALP activity, matrix mineralization, and the expression of os-
teogenic markers (Coll, Ocn, Opg, Runx2) through activation of
the GSK-383/B-catenin/TCF/LEF pathway. Furthermore, HMD has
been shown to attenuate bone loss induced by estrogen defi-
ciency in OVX mice *.

159

Chinese Journal of Natural Medicines 24 (2026) 156-170

Hydroxychavicol (HCV), derived from Piper betle, signific-
antly enhances ALP activity and mineralization in C3H10T1/2
cells at a concentration of 2000 ng-mL™", while upregulating the
expression of RUNX2 and OPN. Additionally, HCV markedly im-
proves bone mass and trabecular microarchitecture in glucocor-
ticoid-induced osteoporosis (GIO) rats via the GSK-33/f3-catenin
pathway *.

Paeonoside (PASI), isolated from Paeonia x suffruticosa, en-
hances osteogenic mineralization and ALP activity in MC3T3-E1
cells at 30 pmol-L™". PASI upregulates the protein expression of
WNT3a, S-catenin, p-GSK3p, RUNX2, p-SMAD1/5/8, and BMP-2.
The osteogenic-promoting effects are attenuated by Noggin (a
BMP-2 inhibitor) and PFK118-310 (a WNT3a inhibitor), suggest-
ing that the osteogenic effects of PASI are largely mediated thr-
ough the WNT/-catenin and BMP-2/p-SMAD1/5/8 pathways *.

Catalpol, derived from Rehmannia glutinosa, stimulates ALP
activity and mineralization in rat BMSCs, as well as upregulates
the expression of COL1 and RUNX2 via the Wnt/f-catenin signal-
ing pathway. Further research has confirmed that catalpol accel-
erates bone healing in rat calvarial defect models and alleviates
bone loss in OVX rats *.

Geraniin, an ellagitannin obtained from Phyllanthus amarus,
significantly promotes the proliferation and osteogenesis of BM-
SCs isolated from OVX rats. This effect is mediated by the upregu-
lation of key genes involved in cell cycle progression and osteo-
genesis, including c-myc, cyclin D1, Runx2, Sp7, and components
of the Wnt/f-catenin pathway (fS-catenin, Frizzled2, LRP6, TCF4,
LEF1), while downregulating Axin2 *'.

Penicopeptide A (PPA), isolated from deep-sea fungi, pro-
motes osteogenic differentiation and mineralization in BMSCs at
concentrations of 10 and 20 pmol-L™", while simultaneously in-
hibiting adipocyte differentiation. Mechanistically, PPA directly
binds to and phosphorylates protein kinase B (AKT) and GSK-3f,
thereby increasing nuclear accumulation of -catenin and enhan-
cing bone formation. In vivo studies confirm the therapeutic po-
tential of PPA in OVX mice *°.

Corylin, an active compound extracted from Psoralea corylifo-
lia, exhibits anti-inflammatory, antioxidant, and pro-osteogenic
properties. In rat osteoblasts, corylin treatment can enhance ALP
activity and mineralization, and activate the transcription of key
transcription factors RUNX2 and SP7. Further research have
demonstrated that corylin promotes osteogenesis through the
activation of the WNT/B-catenin and estrogen signaling path-
ways *

Albiflorin, extracted from Paeonia lactiflora, significantly en-
hances ALP activity, calcified nodule formation, and the expres-
sion of osteogenic markers (ALP, OCN, RUNX2, and OSX) in
MC3T3-E1 cells via activating BMP-2/SMAD and WNT/S-catenin
pathways. In a femur fracture model, albiflorin markedly acceler-
ates bone healing and improves the morphological structure of
the fracture site *".

Agastache rugosa is a medicinal plant in Asia that exerts anti-
oxidant, anti-inflammatory, anti-obesity, and osteoprotective
properties. Administration of ethanol extract of Agastache rugosa
(EEAR) attenuates ovariectomy-induced bone loss via stimulat-
ing osteoblast differentiation and improving the diversity of
gut microbiota. Moreover, the therapeutic effect of EEAR is
primarily mediated by the WNT, BMP, as well as TGF-f signaling
pathways °".

Bergamottin (BM), a coumarin compound derived from vari-
ous citrus fruits, exhibits multiple biological activities such as anti-
adipogenesis. Wang et al. note that BM significantly enhances os-
teoblast differentiation and mitigates OVX-induced bone loss.
Mechanistically, BM activates the WNT/f-catenin signaling path-
way, leading to a marked upregulation of $-catenin and the tran-
scriptional activators of TCF4, TCF7, and RUNX2, as well as pro-
moting the nuclear translocation of S-catenin **.
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6. BMP signaling pathway and natural products

6.1. BMP signaling pathway and bone formation

Bone morphogenetic proteins (BMPs), a family comprising
over 20 members, are renowned for their unique capacity to in-
duce ectopic cartilage and bone formation in vivo. Upon binding
of BMP ligands to their receptors, the heterotetrameric serine/
threonine kinase receptors are phosphorylated and activated,
subsequently promoting the phosphorylation of transcription
factors SMAD1/5/8 and their interaction with SMAD4. This com-
plex then translocates into the nucleus, where it activates the
downstream transcription factors such as RUNX2 and Osterix, ul-
timately stimulating bone formation **. It has been reported that
some TCM formulas for treating osteoporosis, such as Duhuo-
Jisheng-Tang, promote osteogenic differentiation and delay the
senescence of human MSCs by activating BMP-2 and SMAD1/5/8
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signaling pathways .
6.2. Modulatory effects of natural products on the BMP pathway

7-HYB, a phenolic compound from the seeds of Myristica fra-
grans, significantly promotes osteogenic mineralization and up-
regulates the expression of RUNX2, ALP, p-GSK38, and f-catenin
in MC3T3-E1 cells at 30 umol-L™. Additionally, 7-HYB activates
the MAPK pathway by enhancing the phosphorylation of ERK,
JNK, and P38. It also activates the BMP pathway by upregulating
BMP-2 expression and the phosphorylation of SMAD1/5/8. Col-
lectively, these mechanisms synergistically enhance osteoge-
nesis *°.

Treatment of mouse calvarial osteoblasts with Musa x para-
disiaca flower extracts K-131 and K-122 (100 pmol-L™) results in
the upregulation of osteogenic markers (RUNX2, ALP, BMP-2,
and COL1), thereby enhancing osteogenic mineralization and ALP
activity. In OVX and osteotomy rats, administration of the butan-
olic fraction (25 and 50 mg-kg™-d™ for 2 weeks) markedly pro-
motes new bone regeneration, restores trabecular bone microar-
chitecture, and improves bone biomechanical strength *°.

Cinnamic acid (CA), derived from Cinnamomum verum, ex-
hibits anti-obesity, anti-inflammatory, anti-diabetic, and antican-
cer properties. Treatment of MC3T3-E1 cells with CA signific-
antly enhances ALP activity and calcium deposition, while upreg-
ulating key osteogenic markers, including RUNX2, OCN, OPG,
0SX, and COL1. CA also mitigates ovariectomy-induced bone loss
in mice by improving bone mineral density and trabecular bone
architecture, as well as restoring gut microbiome diversity.
Moreover, the above effects are associated with the activation of
the BMP/TGF-B/Smad signaling pathway *’.

LBP and LBP1C-2 are bioactive components extracted from
Lycium barbarum. Administration of these compounds can re-
markably increase bone mass, improve bone trabecular struc-
ture, enhance mechanical strength, and elevate serum levels of
the bone formation marker, propeptide of type I procollagen
(PINP), in both OVX and aging mice. In human mesenchymal stem
cells (hMSCs), treatment with LBP and LBP1C-2 facilitates osteo-
genic proliferation, differentiation, and mineralization. Mechan-
istically, LBP1C-2 promotes bone formation by blocking the inter-
action between noggin and BMPs and by activating the BMP/
Smad signaling pathway *°.

Circaea mollis is a traditional herbal medicine utilized by the
Hani ethnic group for its anti-arthritis properties. Its ethanol ex-
tract (EECM) significantly enhances ALP activity, promotes mat-
rix mineralization, and upregulates the expression of key osteo-
genic markers, including RUNX2, 0SX, OPN, OPG, and COL1. Ad-
ministration of EECM to OVX mice for 12 weeks results in modest
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improvements in bone loss and marked elevations in the levels of
osteogenic markers in primary cells derived from OVX mice. Fur-
ther studies confirm that the osteoprotective effects of EECM are
mediated through the activation of the BMP/SMAD signaling
pathway *.

Annatto-derived tocotrienol (AnTT) promotes the differenti-
ation and mineralization of MC3T3-E1 cells by modulating the
mevalonate pathway. Specifically, AnTT downregulates the
mRNA expression of HMG-CoA reductase (HMGR), inhibits the ac-
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tivation of RhoA, and boosts the protein level of BMP-2 "

7. MAPK signaling pathway and natural products

7.1. MAPK signaling pathway and bone formation

Mitogen-activated protein kinases (MAPKs) are a family of
evolutionarily conserved serine/threonine kinases that mediate
cellular responses to various stimuli. The MAPK pathway com-
prises three main branches: extracellular signal-regulated kinase
(ERK), JNK, and p38. In osteoblasts, the ERK pathway primarily
involves ERK1 and ERK2, which are regulated by the upstream
kinases MEK1 and MEK2. Further upstream, the RAS/RAF pro-
teins or CDC42/MLK3 modulate these kinases. ERK1/2 activa-
tion is critical for early osteogenesis, where it upregulates RUNX2
expression, thereby driving the transcription of osteogenic genes.
In later stages, ERK1/2 enhances the expression of RSK2 and
ATF4, facilitating osteoblast maturation. The p38 MAPK pathway
includes four subtypes: a (MAPK14), 8 (MAPK11), y (MAPK12),
and 6 (MAPK13), with a and f being prominently expressed in
osteoblasts. In the early stage of osteogenic differentiation,
CDC42/MLK3 or TAK1 signals activate MKK3, which sub-
sequently activates p38a, promoting the expression of key osteo-
genic transcription factors such as RUNX2 and OSX. Meanwhile,
p38p, activated by MKK®6, collaborates with p38a to support the
maturation of osteoblasts in later stages. JNK1/2 is regulated by
upstream MKK4/7, which in turn is regulated by various
MAP3Ks. Its downstream targets include ATF2 and JunB. JNK1/2
positively regulates the expression of BSP, OCN, ATF4, and FRA1,
and facilitates osteogenic mineralization *'.

7.2. Modulatory effects of natural products on the MAPK pathway

WIN-34B, an n-butanol fractionated mixture of Lonicera ja-
ponica, exhibits osteogenic and anti-osteoclastogenic properties.
In mesenchymal stem cells (MSCs), WIN-34B dose-dependently
enhances alkaline phosphatase (ALP) activity and osteogenic
mineralization at concentrations of 1, 10, and 20 pgmL™. In
TRAP-stained BMMs, WIN-34B treatment significantly reduces
the number of multinucleated cells, which indicates its inhibitory
effect on osteoclastogenesis. In a co-culture system of hMSCs and
BMMs, WIN-34B reverses the inflammatory factor-induced de-
crease in the Opg: Rankl ratio and Runx2 expression at concentra-
tions of 1 and 10 mg-mL~". Furthermore, WIN-34B inhibits the ex-
pression of IL-17, c-Fos, and TNF-a, as well as the activation of NF-
kB, IkBa, p38 MAPK, and JNK in a dose-dependent manner. These
findings suggest that WIN-34B has the potential to promote os-
teogenesis and inhibit osteoclastogenesis in the inflammatory cy-
tokine-induced bone marrow microenvironment *.

Amentoflavone is a bioflavonoid isolated from TCMs, gingko
and Selaginella tamariscina, and exerts anti-inflammatory, anti-
oxidant, antiviral, and anticancer properties. In hBMSCs, amento-
flavone treatment significantly enhances the proliferation, ALP
activity, and mineralization, while upregulating the master tran-
scription factors RUNX2 and OSX. Moreover, these osteogenic ef-
fects are mediated by the activation of the JNK and p38 MAPK sig-
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naling pathways. In addition, in vivo studies demonstrate that
amentoflavone mitigates dexamethasone (DEX)-induced inhibi-
tion of osteoblast differentiation in transgenic (sp7: egfp)
zebrafish larvae .

Astragalin (AG), a bioactive flavonoid compound extracted
from various medicinal plants, significantly enhances the ALP
activity and mineralized nodule formation in MC3T3-E1 cells at
concentrations of 5, 10, and 20 pmol-L™. AG also upregulates the
mRNA and protein levels of osteoblastic markers such as OCN,
OPN, and RUNX2, by activating the MAPK and BMP pathways.
Furthermore, studies utilizing an OVX mouse model have demon-
strated that AG effectively attenuates bone loss induced by estro-
gen deficiency **.

Isoliquiritin (ISL), a flavonoid derived from Glycyrrhiza
glabra, significantly enhances osteogenesis and angiogenesis in
mouse BMSCs. Specifically, treatment with 25 umol-L™" ISL upreg-
ulates the expression of key osteogenic and angiogenic proteins,
including COLI, RUNX2, OPN, and vascular endothelial growth
factor A (VEGF-A), while also enhancing ALP activity and promot-
ing osteoblast mineralization. The autophagy inhibitor inhibits
ISL-induced osteogenesis, whereas the p38/ERK inhibitor simul-
taneously suppresses both autophagy and osteogenic effects eli-
cited by ISL. These findings suggest that ISL activates the
p38/ERK pathway, thereby triggering cellular autophagy and
subsequently promoting osteogenesis. Additionally, treating OVX
mice with ISL therapy (administered orally at doses of 10, 30,
and 50 mg-kg-d™" for one month) significantly increases BMD
and trabecular bone parameters, enhances the expression of os-
teogenic marker RUNX2, decreases the number of osteoclasts,
and alleviates weight gain *°

Treatment of MC3T3-E1 cells with yuja (Citrus junos) peel
ethanol extract (YPEE) can promote ALP activity, mineralization,
and the expression of osteogenic markers, including RUNX2,
OCN, and COL1. As for the molecular mechanism, YPEE stimu-
lates osteoblast differentiation via the activation of the BMP2-p38-
SMAD1/5/8 pathway. Meanwhile, YPEE has been shown to atten-
uate the formation and number of TRAP-positive multinucleated
cells in RANKL-induced RAW264.7 cells. Moreover, supplementa-
tion of YPEE significantly reduces body weight, increases uterine
weight, enhances BMD, and improves the trabecular parameters
in OVX rats .

8. PI3K/AKT signaling pathway and natural products

8.1. PI3K/AKT signaling pathway and bone formation

Phosphatidylinositide 3-kinases (PI3Ks) constitute a family
of intracellular phosphoinositide kinases that function as dimeric
complexes composed of catalytic and regulatory subunits. In nor-
mal cells, PI3Ks are activated by growth factors, which phos-
phorylate the substrate PIP2 to produce PIP3. The lipid phos-
phatase PTEN can dephosphorylate PIP3, thereby inhibiting the
activation of the PI3K pathway. PIP3 recruits AKT/PKB and PDK1
to the cell membrane, leading to phosphorylation of AKT protein
at serine 308 (S308) by PDK1, resulting in partial activation of
AKT. Activated AKT subsequently promotes the phosphorylation
of the transcription factor CREB, thereby facilitating the expres-
sion of downstream target genes. Additionally, AKT can indir-
ectly enhance mTORC1 expression, which promotes osteogenic
differentiation ’. In various cells, including osteoblasts, activated
AKT stimulates the expression of RUNX2, thereby initiating the
expression of downstream osteogenic genes such as Sp7 *. Cer-
tain TCM formulas used for treating osteoporosis, such as Bugu-
Shengsui Decoction and Zhuanggu-Busui Formula, have been re-
ported to promote bone formation via the PI3K/AKT signaling
pathway *>%.
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8.2. Modulatory effects of natural products on PI3K/AKT pathway

Si-Wu-Tang (SWT) is a TCM formula comprised of four herbs:
Paeonia lactiflora, Angelica sinensis, Ligusticum chuanxiong, and
Rehmannia glutinosa. SWT extract enhances the expression of
Alp, Bmp-2, and Opn, as well as mineralized nodule formation in
MC3T3-E1 cells. The PI3K/AKT and NF-xB signaling pathways
are likely involved in SWT-mediated osteoprotective effects.
Moreover, treatment of OVX mice with SWT extract prevents the
bone loss, elevates serum levels of the bone formation indicators
ALP, BMP-2, and OPN, and decreases the bone resorption mark-
er CTX-17°.

Asperosaponin VI (ASA VI), a triterpenoid saponin, is identi-
fied as the primary bioactive constituent in the dried root of Dip-
sacus asper, a traditional kidney-tonifying herbal. ASA VI (10
umol-L™") significantly enhances the proliferation, ALP activity,
and calcified nodule formation in BMSCs derived from OVX rats.
Furthermore, ASA VI elevates the expression of osteogenic mark-
ers, including Alp, Ocn, Col1, and Runx2. All of these osteogenic ef-
fects are mediated through the activation of the PI3K/AKT signal-
ing pathway "

Icaritin (ICT), a flavonoid isolated from both Epimedium
brevicornu and identified among its serum metabolites after oral
administration, inhibits adipogenic differentiation while promot-
ing osteogenesis in BMSCs. In a study, ICT is co-administered
with a bone-targeting delivery vehicle (lipid + ASP8 + icaritin) to
OVX mice (8 mg-kg™, 3 times/week, for 6 weeks). The following
results, a decrease in serum bone resorption marker CTX, an in-
crease in serum bone formation marker P1NP, and improve-
ments in BMD, trabecular architecture, mineral apposition rate
(MAR), ratio of mineral surface area (MS/BS), bone formation
rate (BFR), and ratio of osteoid surface (0S/BS), indicating icar-
itin prevents the OVX-induced osteoporosis in mice via promot-
ing new bone formation. In vitro, treatment of 3T3-L1 cells with
icaritin (10 and 20 pmol-L™") results in decreased expression of
key adipogenic mediators, including Ccaat/enhancer-binding
protein a (CEBPa), peroxisome proliferator-activated receptor y
(PPARG), fatty acid-binding protein 4 (FABP4), and lipoprotein
lipase (LPL), while increased phosphorylation levels of AKT and
GSK-38, and enhanced distribution of $-catenin in cytoplasm and
nucleus. These results suggest that ICT suppresses adipogenesis
through the AKT/GSK-3f/B-catenin pathway, ultimately promot-
ing osteogenic differentiation and bone formation "

Morroniside, an active ingredient from Cornus officinalis, en-
hances osteogenesis in MC3T3-E1 cells via upregulating the ex-
pression of osteogenic markers (Ocn, Runx2, Alp, Sp7) and activ-
ating the PI3K/AKT/mTOR signaling pathway. In vivo, treatment
of OVX mice with morroniside (2 or 10 mg-kg™-d™" for 12 weeks)
significantly improves bone loss and trabecular structure disrup-
tion 7,

Chuanxiong (CX), also known as the rhizome of Ligusticum
chuanxiong, is a traditional Chinese medicine utilized for the
treatment of cardiovascular and cerebrovascular diseases. Treat-
ment of H,0,-induced MG63 cells with CX ethanol extract (CXE)
enhances both cell viability and ALP activity. The increase in os-
teogenic activity is due to the reduction of cellular reactive oxy-
gen species (ROS) levels and the inhibition of osteoblast apoptos-
is via the PI3K/AKT signaling pathway. Additionally, treatment of
high fat-sucrose (HFS)-fed OVX rats with CXE (600 mg-kg™'-d™" for
12 weeks) significantly improves the trabecular BMD and trabec-
ular separation ’*.

9. Oxidative stress-mediated pathways and natural products

9.1. Oxidative stress-mediated pathways and bone formation

Oxidative stress is characterized by an imbalance between
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the excessive production of reactive oxygen species (ROS) and
the relatively insufficient capacity of cellular antioxidant defense
mechanisms. Free radical molecules, such as superoxide (0>),
trigger a cascade of reactions that damage cellular structures, in-
cluding DNA, proteins, and cell membrane lipids. Oxidative stress
has been implicated in promoting osteoclastogenesis, impairing
the differentiation and activity of osteoblasts, and inducing apop-
tosis in osteoblasts and osteocytes. The increased osteoclastogen-
esis associated with oxidative stress is attributed to the upregula-
tion of RANKL and the downregulation of OPG. The detrimental
effects of oxidative stress on osteogenesis are evident through the
reduced expression of differentiation markers, including ALP,
COL1, and RUNX2. As for osteocytes, oxidative stress is able to
trigger cellular apoptosis and upregulate the Wnt inhibitors scler-
ostin and dickkopf-1 (DKK1), leading to the activation of osteo-
clastogenesis and inhibition of osteogenesis. Collectively, these
events contribute to bone loss and the development of osteo-
porosis. Additionally, aging and estrogen deficiency have been
shown to increase ROS levels, and substantial evidence supports
the notion that antioxidants can mitigate bone damage caused by
estrogen decline *”’. In recent years, some TCMs used for treat-
ing osteoporosis, such as osteoking, have been demonstrated to
exert their therapeutic effects by reducing reactive oxygen spe-

. 3
cies 72.

9.2. Modulatory effects of natural products on oxidative stress-me-
diated pathway

Jing et al. report that luteolin promotes the proliferation of
dexamethasone (DXM)-treated MC3T3-E1 cells by attenuating ox-
idative stress and stimulates osteoblastic differentiation via activ-
ating the ERK/LRP-5/GSK-3f pathway in glucocorticoid-induced
osteoporosis (GIO) rats ’°. In another work, Phromnoi et al. in-
vestigated the effects of luteolin and a baicalein-rich hexane frac-
tion from Perilla frutescens leaf (PLH) on osteoporosis. Treating
RAW264.7 cells with PLH (12.5, 25, 50 ug-mL™") effectively re-
duces the production of ROS and the formation of TRAP-positive
multinucleated osteoclasts induced by RANKL in a dose-depend-
ent manner. Moreover, PLH remarkably downregulates the
RANKL-induced MAPK and NF-«B signaling pathways and attenu-
ates the expression of osteoclastogenic markers NFATc1l and
MMP-9. In contrast, PLH promotes osteoblast function in two os-
teoblastic cell lines (MG-63 and SAOS-2) by upregulating ALP
activity and reversing TNF-a-mediated suppression of osteoblast
proliferation and differentiation *.

Salidroside, a phenylpropanoid glycoside extracted from
Rhodiola rosea, possesses potent antioxidant properties. Zhang et
al. demonstrated that salidroside significantly elevates the cell
survival, ALP activity, calcium deposition, and the mRNA levels of
Alp, Coll, and Ocn in H,0,-treated MC3T3-E1. Additionally, salid-
roside dramatically decreases intracellular ROS production and
the levels of osteoclast differentiation inducers RANKL and IL-6,
both of which are induced by H,0,. In vivo, salidroside supple-
mentation for 15 weeks remarkably improves trabecular bone
microarchitecture and BMD in the 4" lumbar vertebrae and distal
femur of OVX mice, while also attenuating oxidative stress in ser-
um BI.

Ginsenoside Rb2 (Rb2), a 20(S)-protopanaxadiol glycoside
extracted from Panax ginseng, is a potent antioxidant. Huang et al.
demonstrated that the anti-osteoporosis effects of Rb2 are attrib-
uted to its ability to reduce oxidative damage and suppress bone-
resorbing cytokines. In MC3T3-E1 cells, Rb2 is able to enhance
proliferation, ALP activity, mineralization, and the mRNA levels
of Alp, Coll, Ocn, and Opn under H,0,-induced oxidative stress.
Moreover, Rb2 effectively reduces the levels of RANKL and IL-6
and inhibits the production of ROS induced by H,0,. In vivo, Rb2
administration significantly improves trabecular bone microar-
chitecture and increases BMD in the lumbar vertebrae and distal
femur of OVX mice *.

162

Chinese Journal of Natural Medicines 24 (2026) 156-170

Gastrodin, a glucoside isolated from the traditional Chinese
herbal agent Gastrodia elata, exhibits potent antioxidant proper-
ties. Gastrodin significantly attenuates H,0,-induced dysfunction
in hBMSCs, enhances their proliferation and osteogenic differen-
tiation, and reduces lipid accumulation, adipogenic differenti-
ation, and ROS levels. Additionally, gastrodin markedly de-
creases the number of TRAP-positive multinucleated osteoclasts
and the expression of osteoclast-specific genes, as well as ROS
levels in RAW264.7 cells. In vivo, gastrodin treatment dramatic-
ally reduces the activity of serum bone degradation markers,
such as CTX-1 and TRAP, and the number of TRAP-positive osteo-
clasts, while improving trabecular bone microarchitecture and
promoting bone formation in OVX mice *.

Ophiopogonin D (OP-D) is a steroidal saponin extracted from
the radix of Ophiopogon japonicus and has anti-oxidative activity.
OP-D significantly attenuates H,0,-induced dysfunction in osteo-
genesis, promotes the proliferation and osteogenic differenti-
ation of MC3T3-E1, while decreasing ROS levels. Moreover, OP-D
markedly decreases the number of TRAP-positive multinucleated
osteoclasts, the expression of osteoclast-specific genes, and ROS
levels in RAW264.7 cells. In vivo, OP-D treatment dramatically re-
duces the activity of serum bone degradation markers, such as
CTX-1 and TRAP, while improving trabecular bone microarchitec-
ture and promoting bone formation in OVX mice. Further re-
search indicates that the anti-osteoporosis effects of OP-D are
mediated by reducing ROS levels through inhibition of the
Fox03a signaling pathway and activation of the f-catenin signal-
ing pathway in MC3T3-E1 cells *.

Tanshinol, the primary bioactive constituent of Salvia miltior-
rhiza, is recognized as a highly effective natural antioxidant. To
mimic the glucocorticoid-induced osteoporosis, a dexamethasone-
induced zebrafish larvae model is established. Tanshinol treat-
ment elicits multiple beneficial effects, including the promotion of
bone formation and bone mass, upregulation of osteoblast-specif-
ic gene expression (Runx2, Alp, Ocn, and Sp7), deceleration of ROS
generation, and improvement of antioxidant capacity *.

Delphinidin-3-rutinoside (D3R), derived from Solanum mel-
ongena, is investigated for its effects on osteoblast viability and
differentiation under basal conditions as well as its capacity to
protect MC3T3-E1 cells from oxidative damage induced by tert-
butyl hydroperoxide (t-BHP). D3R (10™° mol-L™") significantly en-
hances the proliferation of MC3T3-E1 cells and promotes osteo-
blast differentiation by upregulating the expression levels of Alp,
Ocn, and Coll. Pre-treatment with D3R (10™° mol-L™") markedly
attenuates t-BHP-induced osteoblastic dysfunction and cyto-
skeletal disorganization by reducing intracellular ROS and pre-
venting the decrease in glutathione to oxidized glutathione ratio
(GSH/GSSG). Lastly, the protective effects of D3R are mediated
through the PI3K/AKT signaling pathway *.

Notoginsenoside R1 (NGR1), a compound with potent antiox-
idant properties isolated from Panax notoginseng, is widely used
in traditional Chinese medicine. NGR1 (25 pumol-L™") significantly
alleviates oxidative stress-induced mitochondrial damage and re-
stores osteogenic differentiation in H,0,-treated MC3T3-E1 via
suppressing the |NK signaling pathway .

Hesperidin, a flavonoid compound derived from citrus fruits,
boosts bone formation in MC3T3-E1 cells at concentrations ran-
ging from 1.25 to 10 pg-mL " It enhances ALP activity and cell
proliferation, elevates ALP and nitric oxide (NO) levels, and dose-
dependently reduces TNF-a and IL-6. Additionally, hesperidin
promotes bone formation in prednisolone-treated zebrafish and
inhibits AAPH-induced ROS production %,

10. Autophagy and natural products

10.1. Autophagy and bone formation

Autophagy is a cellular process by which cells degrade func-
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tionally impaired or excessive organelles to provide energy un-
der conditions of nutrient deprivation. Beyond starvation, auto-
phagy is activated by oxidative stress, accumulation of misfolded
proteins, mitochondrial damage, and related stimuli. In mam-
mals, autophagy comprises three forms: chaperone-mediated
autophagy (CMA), micro-autophagy, and macro-autophagy. This
article primarily focuses on macroautophagy, the most extens-
ively studied type *. The autophagy process involves the forma-
tion of autophagosomes around targeted cargo by monolayer or
bilayer membranes derived from the ER and mitochondria. These
autophagosomes subsequently fuse with lysosomes, organelles
containing hydrolytic enzymes, to form autolysosomes, where
encapsulated intracellular components and damaged organelles
are degraded. Autophagy is a highly conserved process mediated
by autophagy-related proteins (ATGs). For instance, the ATG13-
ATG1-ATG17 complex initiates autophagy in yeast. In mammals,
phosphatidylinositol 3-kinase (PtdIns3K) and BECN1 (an ATG-re-
lated protein) participate in the localization of ATG proteins on
the phagophore membrane. The ATG12-ATG5-ATG16L complex
and microtubule-associated protein 1A/1B-light chain 3 (LC3)-II
contribute to the elongation and closure of the autophagosome.
Moreover, autophagy receptors on the surface of autophago-
somes, such as the ubiquitin-binding protein SQSTM1 (p62),
optineurin (OPTN), mediate the selective sequestration of de-
gradation targets. Autophagy regulates energy and chemical
homeostasis in individual cells and various tissues, including
bone and skeletal cells *>”".

Autophagy plays a critical role in regulating bone marrow
stromal cells (BMSCs), osteoblasts, osteoclasts, and osteocytes
within the skeletal system. During osteogenic differentiation of
BMSCs, high energy demands are met through autophagy *. In-
hibition of autophagy suppresses osteogenic differentiation and
promotes the differentiation of mesenchymal stem cells into
adipocytes . Specific deletion of Atg5 and Atg7 results in auto-
phagy defects, which impair osteoblast activity and function, and
disrupt their differentiation into osteocytes °“ °°. During osteo-
blast mineralization, autophagy is highly induced, with autopha-
gosomes serving as carriers for mineralized crystals. Further re-
search indicates that knockdown of Atg7 and Beclin1, as well as
deletion of Atg5, significantly reduces the mineralization capa-

city of osteoblasts .

10.2. Modulatory effects of natural products on autophagy

The alkaloid leonurine from Leonurus japonicus facilitates the
proliferation and osteogenic differentiation of rat BMSCs by activ-
ating autophagy and upregulating ATG5, ATG7, and LC311/1 levels
through inhibition of the PI3K/AKT/mTOR pathway ”’. Another
study by Zhao et al. demonstrates that leonurine protects BMSCs
against oxidative stress-induced dysfunction by activating mito-
phagy via the PI3K/AKT/mTOR pathway. Additionally, leonurine
has been shown to mitigate bone loss and contribute to osteogen-
esis in OVX rats *.

Osthole, a coumarin extracted from the TCM Chidium mon-
nieri, enhances osteogenic differentiation and cell proliferation in
mouse BMSCs at a concentration of 10 pmol-L™". When these pre-
treated cells are transplanted into OVX mice, they significantly
improve BMD, trabecular number, and thickness in the distal
femur, and elevate serum levels of osteogenic markers ALP and
P1NP. The pro-osteogenic effects of osthole may be mediated by
increased autophagy *°.

Arbutin, a hydroquinone glucoside found in various plants,
alleviates dexamethasone (DEX)-induced suppression of osteo-
blast differentiation and mineralization, as well as the downregu-
lation of osteogenic markers, by activating autophagy in MC3T3-
E1 cells. In addition, the osteoprotective and autophagy-enhan-
cing effects of arbutin have been confirmed in a DEX-induced
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mouse model '

Ginsenoside Rg3, the major active component of Panax gin-
seng, significantly enhances osteogenic differentiation and miner-
alization, stimulates autophagy and AMPK signaling, and inhibits
mTOR signaling in MC3T3-E1 cells. Additionally, the osteopro-
tective and autophagy-activating effects of ginsenoside Rg3 have
been validated in an OVX rat model '*".

Monotropein, the main iridoid glycoside from the root of
Morinda officinalis, exhibits anti-apoptotic and antioxidant activ-
ities. In H,0,-treated osteoblasts, monotropein significantly at-
tenuates H,0,-induced ROS generation, induces autophagy, and
protects osteoblasts against cytotoxicity. Specifically, mono-
tropein inhibits osteoblast apoptosis and elevates the expression
of the osteogenic marker RUNX2 and autophagy markers Beclinl
and LC3-1I/LC3-I ratio. Additionally, monotropein enhances auto-
phagy-mediated antioxidant effects via the AKT/mTOR path-
way 102

ICA mitigates OVX-induced bone loss by enhancing the osteo-
genic differentiation of BMSCs and reducing the number of TRAP-
positive osteoclasts via activating autophagy pathway '”*. Anoth-
er study by Bai et al. demonstrates that ICA (0.1 pmol-L™") not
only rejuvenates declined osteogenesis in senescent BMSCs but
also restrains the inflammaging of senescent macrophages,
thereby alleviating bone loss in osteoporotic mice. These effects
are attributed to the activation of autophagy '"".

Timosaponin BII (TBII), a steroidal saponin isolated from the
rhizomes of Anemarrhena asphodeloides, exhibits anti-osteo-
porosis properties. The efficacy and mechanism of TBII in treat-
ing diabetic osteoporosis have been investigated both in vitro and
in vivo. Oral administration of TBII significantly improves the
tibia microarchitecture, upregulates Beclinl expression, and
downregulates phosphorylation levels of mTOR and NFxB in the
proximal tibias of diabetic rats. Moreover, TBIl dose-depend-
ently reduces high glucose-induced apoptosis and oxidative
stress in osteoblasts, while increasing autophagosome numbers,
LC3B puncta formation, and Beclinl expression. Further experi-
ments confirm that the anti-osteoporotic effects of TBII are medi-
ated by inhibition of the mTOR/NFkB pathway, thereby activat-
ing autophagy and decreasing apoptosis and oxidative stress .

Scoparone, a coumarin compound extracted from Artemisia
capillaris, exhibits anticoagulant, vasorelaxant, antioxidant, and
anti-inflammatory properties. Park et al. demonstrated that
scoparone enhances osteogenesis by promoting osteoblast differ-
entiation, adhesion, migration, mineralization and autophagy.
These effects are mediated by the activation of the BMP-2/
SMAD1/5/8 and MAPK pathways .

ISL, a flavonoid derived from Glycyrrhiza glabra, exhibits anti-
depressant, antioxidant and anti-inflammatory properties. A re-
cent investigation by Su et al. shows that ISL significantly im-
proves bone mass and trabecular microarchitecture and sup-
presses bone resorption in OVX mice, with no detectable toxicity.
In vitro experiments indicate that ISL promotes the proliferation
and osteogenic differentiation of BMSCs via activating the
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p38/ERK-autophagy pathway ™.

11. Epigenetics and natural products

11.1. Epigenetics and bone formation

Epigenetics refers to heritable changes in gene expression
that occur without alterations in the DNA sequence, including
DNA methylation, histone modifications, and post-transcription-
al regulation mediated by non-coding RNAs '”’.

DNA methylation involves the transfer of a methyl group
from S-adenosyl-L-methionine to cytosine within CpG sites of
DNA, forming methylcytosine. This process can inhibit gene ex-
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pression by preventing the binding of key transcription factors
and promoting a condensed chromatin state through the recr-
uitment of methyl-CpG binding transcriptional repressor fact-
ors """ DNA methylation is catalyzed by DNA methyltrans-
ferases (DNMTs), including DNMT1, DNMT2, DNMT3A, and DN-
MT3B '". In the skeletal system, DNA methylation regulates
genes critical for osteogenesis and osteoclastogenesis ''". For ex-
ample, hypermethylation of the proximal promoter and first exon
of the Sost gene, which encodes sclerostin, a WNT pathway inhib-
itor, reduces sclerostin expression, and activates the WNT path-
way 112

Histone modifications are primarily catalyzed by histone
methyltransferases (HMTs), histone demethylases (HDMs), his-
tone acetyltransferases (HATs), and histone deacetylases
(HDACs). HMTs add methyl groups to lysine and/or arginine
residues of histones, while HDMs remove them. HATs acetylate
lysine residues to promote transcription, whereas HDACs
deacetylate them to inhibit transcription "> ""*"'"'*, In the skeletal
system, HDACs can deacetylate the lysine residues of non-his-
tone proteins, including the transcription factors OSX/SP7 and
RUNX2, thereby inhibiting their transcription and suppressing
osteogenesis ',

Small non-coding RNAs are functional RNA molecules tran-
scribed from DNA that do not encode proteins. Among them, mi-
croRNAs (miRNAs) are a class of small (about 22 nucleotides)
single-stranded non-coding RNAs that downregulate target gene
expression by inducing mRNA degradation or translation inhibi-
tion. Accumulating evidence indicates that miRNAs play a vital
role in regulating osteoblast and osteoclast differentiation, as
well as bone resorption ‘. For instance, microRNA-188 regu-
lates the age-related shift between osteogenesis and adipogenes-
is in BMSCs, contributing to age-related bone loss and fat accu-
mulation in bone marrow ",

11.2. Modulatory effects of natural products on epigenetics

Sulforaphane (SFN), an organosulfur compound biosynthes-
ized in cruciferous vegetables after being damaged or cut, has
been extensively studied for its antimicrobial and anticarcinogen-
ic properties and is reported to potentially benefit bone heal-
ing "'*""". An investigation by Thaler et al. demonstrates that SEN
enhances osteoblast differentiation by promoting DNA demethyl-
ation ''®. Specifically, SFN accelerates DNA demethylation via Tet1
and Tet2, thereby promoting the expression of osteoblastic indic-
ators and extracellular matrix mineralization. Meanwhile, SFN
downregulates the expression of RANKL in osteocytes and mouse
calvarial explants and preferentially induces apoptosis in preo-
steoclastic cells via the activation of the TET1/FAS/Caspase 8 and
Caspase 3/7 pathways, thereby reducing osteoclast-mediated
bone resorption. This research further shows that five-week SFN
treatment significantly improves the bone volume and trabecular
number in both normal and OVX mice '**.

Allyl sulfide (AS), an active component extracted from Allium
sativum, possesses antioxidant, anti-inflammatory, and cytopro-
tective properties. AS treatment enhances osteoblast differenti-
ation and mineralization and increases BMD in aged mice. Addi-
tionally, AS alleviates age-related mitochondrial dysfunction in
BMSCs, decreases mtDNA release, and mitigates age-related BM-
SC inflammation by reducing IL-1B secretion. At the epigenetic
level, AS upregulates KDM6B expression, reduces H3K27me3
methylation at the Runx2 promoter, and ultimately restores
Runx2 expression in BMSCs "’

Resveratrol (RES), a natural polyphenol found in grapes,
cranberries, peanuts, and various other plants, is a Sirtuin 1
(SIRT1) activator with beneficial effects on bone health. In obese
men, the administration of RES at 1 g-d™" significantly increases
ALP activity and lumbar spine bone density '*. Additionally, RES
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at 500 mg-d™" elevates serum 25-hydroxyvitamin D levels and re-
duces bone loss in diabetic patients "*". RES treatment stimulates
BMP-2 expression and suppresses RANKL expression in osteo-
blasts, thereby promoting bone formation '**"'*. Furthermore,
RES activates the osteogenic factors RUNX2 and SIRT1, enhan-
cing bone formation '**. In MSCs, RES treatment significantly en-
hances osteoblast differentiation at the expense of adipogenesis,
and dramatically reduces MSC senescence and intracellular ROS
level '*. Mechanistically, RES treatment increases the binding of
SIRT1 to the polycomb complex protein BMI-1, decreases BMI-1
acetylation, and promotes BMI-1 nuclear translocation, while
also activating the focal adhesion kinase (FAK) signaling path-
way '*°. Another research by Jiang et al. demonstrates that RES
promotes osteogenesis by activating the SIRT1/Fox01 pathway
in OVX mice '

Curcumin, a natural polyphenol derived from the rhizomes of
Curcuma longa, promotes bone formation and is hypothesized to
modulate epigenetic mechanisms. Curcumin significantly
hances ALP activity and calcium deposition, as well as the expres-
sion levels of osteogenic markers, including Runx2, Sp7, Coll,
Opn, and Ocn, in osteogenic-induced hBMSCs. Mechanistically,
curcumin downregulates EZH2 expression, thereby increasing
H3K4me3 and reducing H3K27me3 marks on the promoters of
Runx2 and Ocn, which in turn activates the transcription of these
osteoblast-related markers '**,

Syringic acid (SA), a phenolic compound with antioxidant
and anti-inflammatory properties, promotes osteogenesis by
stimulating ALP activity and calcium deposition and upregulating
the osteoblastic markers such as Alp, Coll, Ocn, and Runx2. Mech-
anistically, SA increases miR-21 expression while decreasing
SMAD7 level, a negative regulator of RUNX2, ultimately enhan-
cing osteogenic differentiation '*. Another work by Tanaka et al.
demonstrates that SA administration (100 mgkg™ body
weight-d™) for 10 weeks markedly attenuates bone loss and in-
creases the ratio of osteoblasts to osteoclasts in OVX mice '*’.

ICA facilitates osteogenesis through multiple molecular
mechanisms and signaling pathways, including post-transcrip-
tional regulation mediated by miRNAs. ICA remarkably enhances
the osteogenic marker expression and calcium deposition in hu-
man BMSCs, and attenuates bone loss in OVX rats. Further re-
search demonstrates that ICA ameliorates osteoporosis via the
miR-335-5p/PTEN axis *’.

Puerarin, an isoflavone extracted from the root of Pueraria
lobata, exhibits osteoprotective properties. Zhan et al. reported
that puerarin enhances viability and osteoblast differentiation of
MC3T3-E1 cells by upregulating RUNX2 expression through the
downregulation of miR-204 **.

Kaempferol, a flavonol present in various edible plants, pos-
sesses anti-inflammatory, antioxidant, and anti-osteoporotic
properties. Kaempferol treatment significantly mitigates bone
loss in ovariectomized rats, and boosts ALP activity, calcium de-
position, and the expression of key transcription factors RUNX2
and OSX in BMSCs. Mechanistically, kaempferol enhances BMSC
osteogenic differentiation and attenuates osteoporosis by dimin-
ishing miR-10a-3p levels and elevating CXCL12 expression '**.

en-

12. Other pathways and natural products

12.1. Natural products and estrogen pathway

Estrogens play a crucial role in bone remodeling and exert
physiological effects on target tissues through interactions with
estrogen receptors (ERs), including estrogen receptor alpha (ER-
a) and estrogen receptor beta (ER-B). These receptors are loc-
ated in both the cell membrane and the nucleus and are widely
distributed in bone tissue. The activation of ERs triggers down-
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stream signaling pathways, such as MAPK and PI3K. Estrogens in-
fluence the generation and lifespan of osteoblasts and osteo-
clasts, as well as the lifespan of osteocytes "**.

An early investigation by Wang et al. showed that puerarin
significantly enhances the proliferation and differentiation of hu-
man osteoblastic MG-63 cells while inhibiting cisplatin-induced
apoptosis. Puerarin promotes proliferation by upregulating cell
cycle regulators cyclin B1 and cyclin D1. Its anti-apoptotic effect
may be associated with increased Bcl-xL levels. Further research
indicates that these beneficial effects are mediated by both ERa
and ERP and partially by activating the MEK/ERK and PI3K/AKT
pathways '**

QingYan Formula, traditionally used in China for kidney toni-
fication, comprises Cistanche deserticola, Morinda officinalis,
Achyranthes bidentata, Pricklyash Peel, and Halitium. To investig-
ate its anti-bone loss effects, OVX rats were orally administered
with 70% ethanol extracts of QingYan Formula (QYFE). QYFE
markedly improved the microstructure of trabecular and cortical
bone and reduced osteoclast numbers in the femurs of OVX rats.
In vitro, QYFE enhanced the proliferation and osteoblast differen-
tiation of MG-63 cells while inhibiting osteoclast differentiation of
RAW264.7 cells. Mechanistically, QYFE activates ER-dependent
MEK/ERK and PI3K/AKT signal pathways in osteoblasts and di-
minishes the expressions of ER-dependent p-ERK and ER-inde-
pendent p-AKT in osteoclasts **°.

Sweroside, a major active iridoid glycoside extracted from
the dried root of Dipsacus asper, exhibits pro-osteogenic and anti-
inflammatory properties. Treatment with sweroside (1 pmol-L™)
significantly enhances ALP activity and mineralization in MC3T3-
E1 cells. Additionally, sweroside promotes osteogenesis via up-
regulating ER-a and G protein-coupled receptor 30 (GPR30), sub-
sequently activating the p38 signaling pathway "’

ICA, one of the most extensively studied natural products, ex-
erts osteoprotective effects through ER-a signaling. Administra-
tion of ICA significantly protects OVX rats from bone loss in both
long bones and the lumbar spine. In vitro studies using BMSCs
and BMMs demonstrate that ICA promotes osteogenesis and in-
hibits osteoclastogenesis. Furthermore, the osteoprotective ef-
fects of ICA are mediated by activating ER-a and AKT signaling
pathways and inducing the interactions between IGF-IR and
ERa ',

12.2. Natural products inhibit fat cell formation and boost bone
formation

Mesenchymal stem cells (MSCs) are spindle-shaped, adher-
ent, non-hematopoietic stem cells derived from various tissues,
including bone marrow, umbilical cord, and adipose tissue. These
cells possess multipotent differentiation potential, enabling them
to differentiate into diverse cell types such as adipocytes, chon-
drocytes, and osteoblasts. The differentiation of MSCs is regu-
lated by multiple signaling pathways, including TGF-3, BMP,
WNT, Hedgehog (HH), FGFs, and Notch. Numerous studies have
demonstrated that inhibiting the adipogenic differentiation of
BMSCs can enhance their osteogenic differentiation .

A combination of Cornus officinalis (CO) and Ribes fascicu-
latum (RF) at a ratio of 7:3 and a concentration of 50 pg-mL™
suppresses adipogenesis in 3T3-L1 cells by downregulating the
adipogenic markers perilipinl (Plin1) and adiponectin (Adipoq).
At the same ratio and concentration, this combination promotes
osteogenesis in MC3T3-E1 cells by upregulating the expression of
osteogenic markers Alp, Runx2, and Ocn and increasing ALP activ-
ity. In OVX mice, dietary supplementation with CO + RF at doses
of 150, and 300 mg-kg "-d™" reduces hepatic steatosis and adipo-
cyte size, inhibits the elevation of serum leptin and insulin, re-
verses uterine atrophy, upregulates the expression of estrogen

receptor alpha, and improves bone density "*’.
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Green tea is recognized as a potent bone-protective agent,
with epigallocatechin (EGC) and other green tea polyphenols as
its main bioactive ingredients. Treatment of rat BMSCs with EGC
(20 umol-L™) dramatically enhances ALP activity and calcium de-
position, while increasing the mRNA expression of bone forma-
tion markers, including Alp, Runx2, and Opn. Importantly, EGC ex-
erts anti-adipogenic effects by reducing adipocyte formation and
downregulating the mRNA levels of adipogenic indicators such as
peroxisome proliferator-activated receptor y (Pparg), Ccaat/en-
hancer-binding protein B (Cebpf), and fatty acid-binding protein
4 (Fabp4) "'

Dendrobium officinale polysaccharides (DOPs), a major in-
gredient from the traditional Chinese medicine Dendrobium offi-
cinale, exhibit significant antioxidant, anti-inflammatory, and anti-
obesity properties. DOP treatment (200, 400 pg-mL™) remark-
ably increases osteogenic differentiation while inhibiting adipo-
genic differentiation in mice BMSCs. Moreover, DOPs can reverse
the H,0,-induced shift in BMSC differentiation fate by activating
Nrf2 signaling. Furthermore, DOP supplementation in aged mice
markedly increases bone mass and reduces the marrow adipose
tissue (MAT), accompanied by decreased oxidative stress in BM-
SCs ',

13. Discussion and future prospects

13.1. Discussion

Natural products hold promise for treating osteoporosis by
promoting osteoblast-mediated bone formation. In 2016, An and
colleagues provided a detailed summary of natural products with
anti-osteoporotic potential and their regulatory mechanisms in
promoting osteoblast-mediated bone formation '*. Their work
was pivotal in advancing the screening and clinical application of
anti-osteoporosis agents. Since then, significant progress has
been achieved in elucidating the cellular, molecular, and pharma-
cological mechanisms underlying natural product-induced osteo-
blast-mediated bone formation. In this review, we further consol-
idate recent research developments on the effects and regulatory
mechanisms of natural compounds in promoting osteoblast activ-
ity and bone anabolism. Additionally, we incorporate updated an-
imal model data and highlight emerging regulatory pathways,
such as autophagy and epigenetic modifications. Finally, we ex-
plore the translational potential of these findings and discuss fu-
ture directions for their therapeutic application in bone-related
disorders.

We conducted a comprehensive literature survey covering 65
natural products reported to promote bone formation (Tables
S1-S9). These compounds were categorized into 24 structural
classes, including isoflavonoids, triterpenoid saponins, cou-
marins, flavonoids, terpenoids, polysaccharides, polyphenols,
and peptides. As shown in Fig. 4 and Tables S1-S9, these bioact-
ive compounds primarily exert their osteogenic effects through
the regulation of key transcription factors, such as RUNX2 and
0SX/SP7, as well as by modulating several signaling pathways,
including WNT/S-catenin, BMP, MAPK, and PI3K/AKT, and
mechanisms related to oxidative stress, autophagy, and epigenet-
ic regulation. In addition, certain natural products facilitate bone
formation by acting on multiple targets and pathways. For in-
stance, ICA enhances osteogenesis by activating the WNT, AKT,
and autophagy pathways, upregulating miR-335-5p, downregu-
lating miR-34c in osteoblasts, and inhibiting the adipogenic dif-
ferentiation of BMSCs. Likewise, resveratrol boosts osteoblast dif-
ferentiation via activating RUNX2 and SIRT1, while reducing
adipogenesis, MSC senescence, and intracellular ROS levels. Giv-
en that osteoporosis is a complex metabolic bone disease caused
by multiple factors, these natural products targeting multiple sig-
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naling pathways may offer better therapeutic effects. Traditional
Chinese medicine for kidney tonification has long been used to
treat osteoporosis in China. Notably, many natural products, in-
cluding ICA, asperosaponin VI, morroniside, luteolin, salidroside,
monotropein, kaempferol, and sweroside, are key active ingredi-
ents in these kidney-tonifying herbs *. Based on the information
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collected in this review, natural products exhibiting kidney-toni-
fying, anti-inflammatory, antioxidant, and anti-adipogenic prop-
erties hold promise as novel therapeutic agents for osteoporosis.
This review aims to serve as a reference for the screening, mech-
anistic investigation, and clinical translation of potential anti-os-
teoporotic natural compounds.

Allyl sulfide, curcumin, icarin, kaempferol,
resveratrol, sulforaphane, syringic acid

e

Epigenetics
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Fig. 4 The overview of natural products promoting bone formation and related signal pathways. Natrual products promote osteoblast-mediated bone formation mainly by
the regulation of the following pathways, WNT/S-catenin, BMP, MAPK, PI3K/AKT, oxidative stress, autophagy, and epigenetics.

13.2. Future prospects

Despite their significant therapeutic potential, the clinical ap-
plication of natural products is often hindered by challenges, such
as poor absorption, rapid metabolism, low specificity, and irregu-
lar distribution '*, The development of innovative bone-target-
ing delivery systems is key to overcoming these challenges. Such
systems can prolong circulation time, enhance targeting effi-
ciency, reduce dosage requirements, and improve stability and
safety, thereby increasing therapeutic efficacy. Huang et al.
demonstrated that Asp8-liposome, a bone-targeting delivery sys-
tem, effectively delivers the osteogenic phytomolecule icaritin
and significantly enhances bone formation in OVX mice " In ad-
dition, some researchers are currently exploring multi-carrier,
multi-drug delivery systems for osteoporosis treatment '**. A ex-
cellent system based on mesoporous silica nanoparticles (MSNs)
that co-delivering Sost siRNA and osteostatin (an osteogenic pep-
tide derived from PTHrP), designed by Mora-Raimundo et al., has
been used to treat osteoporotic mice **°. Nanoparticle administra-
tion significantly upregulated osteogenic marker genes and
markedly improved bone microarchitecture.

OVX rats and mice, which mimic postmenopausal
porosis, are considered the gold standard in vivo models for eval-
uating the efficacy of anti-osteoporosis natural products and
drugs '. Additionally, mouse models of inflammatory osteo-
porosis (LPS-induced bone loss), glucocorticoid-induced osteo-
porosis (GIOP), and age-related osteoporosis are available for as-
sessing natural product efficacy > '**"'*. To the best of our know-
ledge, most natural products have been evaluated in OVX rodent
models, with fewer tested in GIOP or aged mice, and even fewer
in LPS-induced models (Tables S1-S9). Undoubtedly, the efficacy
of these natural products should be further examined across di-
verse animal models of osteoporosis. In recent years, teleost fish,
particularly zebrafish (Danio rerio), have emerged as crucial
models in bone research, capable of replicating numerous hu-

osteo-
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man skeletal diseases °"''. These teleosts are well suitable for

high-throughput screening of anti-osteoporosis drugs due to the
following technical advantages, e.g., cost-effectiveness, short
lifespan, high fecundity, translucency of embryonic stages
throughout development, and ease of gene editing. Zebrafish-
based high-throughput screening tools have proven valuable in
drug discovery for cancer, cardiovascular diseases, and anti-aging
therapies °*'*°. However, in anti-osteoporosis research,
zebrafish models have primarily been used for validating specific
compounds * "**, Given the diversity of animal models, signific-
ant advancements in the screening and clinical application of anti-
osteoporosis drugs are anticipated in the coming years.

Osteocytes, the most abundant bone cells (> 90% of total),
have a long lifespan and mediate adaptive responses to mechan-
ical and hormonal stimuli to maintain bone homeostasis. They
also play a critical role in age-related bone deterioration "*°*°,
However, their role in bone metabolism is often overlooked due
to their deep embedding in the mineralized matrix, which com-
plicates isolation. Few reports exist on anti-osteoporosis agents
targeting osteocytes. Gu-Shu-Kang is a traditional Chinese medi-
cine formula composed of Epimedium brevicornu and Rehmannia
glutinosa. It not only promotes osteogenesis but also prevents ap-
optosis of osteocytes induced by ovariectomy "*’. With improved
osteocyte isolation techniques and the widespread use of single-
cell transcriptome sequencing, greater focus should be placed on
identifying natural products that target osteocytes and elucidat-
ing their molecular mechanisms.

While TCMs and their active ingredients are extensively used
in China for osteoporosis treatment, in the US and the EU, natur-
al products are generally considered complementary therapies
alongside conventional drug treatments. Although natural
products are typically better tolerated than synthetic drugs, their
bone-protective efficacy is often lower. They may be more suit-
able for preventing osteoporosis or managing mild cases. In addi-
tion, ‘natural’ does not equals to ‘safe’, as natural products may
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have potential toxicity and can interact with prescribed drugs '*°.
Moreover, clinical trials involving natural products often lack rig-
or, and regulatory oversight remains relatively loose. Therefore,
additional high-quality studies are essential to definitively estab-
lish the clinical efficacy and safety of natural products in osteo-
porosis prevention and treatment.

14. Conclusion

Promoting osteoblast-mediated bone formation represents a
promising strategy for natural products in osteoporosis treat-
ment. This review comprehensively examines the effects and mo-
lecular mechanisms of 65 natural products across 24 categories
on osteoblast-mediated bone formation. These compounds en-
hance bone formation by regulating key transcription factors
(RUNX2 and Osterix) and pathways such as WNT/fS-catenin,
BMP, MAPK, PI3K/AKT, oxidative stress, autophagy, and epigen-
etics. Notably, some natural products, like ICA and resveratrol,
exert their effects through multiple targets and pathways. Many
of these natural products have demonstrated therapeutic efficacy
in animal models, including OVX mice. Our findings suggest that
natural products with kidney-tonifying, anti-inflammatory, anti-
oxidant properties, and those inhibiting adipocyte differentiation,
may be effective for osteoporosis treatment. We also clarify cur-
rent research gaps and propose future directions, including high-
throughput screening and validation in diverse animal models,
development of novel bone-targeting delivery systems, and iden-
tification of natural drugs targeting osteocytes. Importantly,
translating these findings into clinical practice remains challen-
ging, and further high-quality studies are needed to firmly estab-
lish the clinical efficacy and safety of natural products for osteo-
porosis prevention and treatment.
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