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Abstract
Aim This study seeks to confirm the therapeutic effectiveness of TRFD in inhibiting adipogenesis and promoting 
osteogenesis in primary osteoporosis through the MAPK/HIF-1α signaling pathway. C57BL/6J mice underwent 
ovariectomy (OVX) to induce osteoporosis. Mice were administered TRFD (Low and high doses)estradiol for a duration 
of 12 weeks. Bone microarchitecture evaluated using Micro-CT, while serum biomarkers and protein expressions were 
analyzed through enzyme-linked immunosorbent assay, Western blotting, and immunohistochemistry. Furthermore, 
BMSC were isolated to show differentiation, Osteogenic and adipogenic induction were performed, including ALP 
activity and Oil Red O staining. Bioinformatics analysis of RNA sequencing data was conducted to identify differentially 
expressed genes.

Results Total flavonoids of Rhizoma Drynariae treatment significantly improved bone microarchitecture and 
reversed histopathological damage in OVX mice. It increased serum levels of osteogenesis markers (RUNX2, BMP-2) 
and enhanced MAPK and HIF-1α signaling pathways, The results also showed a significant dose, TFDR enhanced the 
osteogenic differentiation of BMSCs while suppressing adipogenic differentiation, as demonstrated by increased ALP 
activity and mineralization, alongside, the expression of lipid markers (PPAR-γ, C/EBPα) was inhibited. Furthermore, 
MAPK/HIF-1α pathway was confirmed be crucial in mediating these effects.

Conclusion TRFD exhibits significant therapeutic potential in treating primary osteoporosis by promoting 
osteogenesis and inhibiting adipogenesis through the MAPK/HIF-1α pathway. These establish an investigation of 
TRFD as a natural treatment option for managing osteoporosis.

Clinical trial number Not applicable.
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Introduction
Osteoporosis [1, 2], marked by low bone mass, micro-
structural degeneration of bone. Effective prevention 
and treatment strategies are essential to manage osteo-
porosis and reduce its impact on individuals and health-
care systems. It is a complex, multifactorial disorder 
associated with various risk factors and medical condi-
tions [3–5]. Osteoblasts, the primary cells responsible 
for bone formation, differentiate and synthesize bone 
matrix throughout skeletal development. This differen-
tiation process usually advances through stages involving 
mesenchymal progenitors, preosteoblasts, and mature 
osteoblasts [6, 7]. Over decades of study, it has become 
increasingly clear that the adipogenesis and osteogenesis 
of MSCs are competitive and reciprocal processes [8, 9]. 
Adipocytes, which make up 15–70% in the bone micro-
environment, which is often linked to undergo varia-
tions in both number and size with aging and in various 
clinical conditions associated with bone loss, such as 
osteoporosis [10]. As a result, significant focus has been 
placed on studying how bone marrow adipocytes affect 
bone remodeling and their connection to disorders asso-
ciated with bone loss. Bone marrow mesenchymal stem 
cells (MSCs) are pluripotent stem cells that can differen-
tiate into either adipocytes or bone-forming osteoblasts. 
Research has indicates that adipocytes adjust the differ-
entiation [11, 12].

Numerous critical factors regulate bone development 
and maintain bone homeostasis in bone loss. Runx2 
(Runt-related transcription factor 2) [13] is a master 
regulator crucial for osteoblast differentiation and bone 
formation. It activates the expression of multiple genes 
involved in osteogenesis, including collagen and osteo-
calcin. During normal bone development and main-
tenance, high Runx2 expression promotes osteoblast 
formation while relatively inhibiting adipocyte differenti-
ation. BMP-2 (Bone Morphogenetic Protein-2) [14], acts 
as a potent inducer of bone formation [15]. Significant 
and consistent evidence from clinical research suggests 
that various conditions linked to bone loss, includ-
ing osteoporosis, aging, and glucocorticoid therapy, are 
commonly linked to a rise in fat tissue within the bone 
marrow. Studies have shown that Wnt signaling path-
ways diminish the expression and activity of influential 
adipogenic transcription factors, including peroxisome 
proliferator-activated receptor γ (PPARγ) and /enhancer-
binding protein α (C/EBPα), thus inhibiting the forma-
tion of adipocytes [16, 17].

Traditional Chinese Medicine provides distinct bene-
fits for the management of osteoporosis, primarily due to 

its incorporation of various components and therapeutic 
targets. As a key component of traditional Chinese medi-
cine, Rhizoma Drynariae (Drynaria fortunei J. Smith) has 
been used for centuries due to its therapeutic properties 
[18, 19]. According to the Chinese Pharmacopoeia, Rhi-
zoma Drynariae (Drynaria fortunei J. Smith) has effects 
such as promoting healing and alleviating pain, tonifying 
the kidneys and strengthening bones, as well as dispelling 
wind and reducing spots [20, 21]. It is one of the com-
monly used traditional Chinese medicines in orthope-
dics. Modern research shows that the active components 
of Dipsacus mainly include flavonoids, triterpenoids, 
phenolic acids, steroid compounds, and their glycosides, 
among which flavonoids have become a key focus of 
research in recent years [20, 21]. Flavonoid compounds 
are the primary constituents that exert anti-osteoporotic 
effects. Its efficacy in preventing and treating osteoporo-
sis has been developed into a Class II new drug (Qianggu 
Capsules), which has also achieved favorable clinical out-
comes [22, 23].Previous studies showed [24, 25], TFDR 
demonstrate encouraging pharmacological effects, with 
the potential to enhance BMD and modify serum levels 
of ALP, and CTX in mice. Research indicates that TFDR 
can induce apoptosis in osteoclasts while promoting the 
proliferation of osteoblasts, contributing to its wide-
spread application in osteoporosis treatment.

The MAPK signaling pathway is activated by external 
stimuli like cytokines, stress, and growth factors, leading 
to the phosphorylation and activation of protein kinases 
such as ERK, JNK, and p38 [26]. In osteoporosis, MAPK 
signaling regulates osteoblast activity and bone forma-
tion. Studies indicate that MAPK activation promotes 
osteoblast differentiation and proliferation while enhanc-
ing bone matrix synthesis [27, 28]. HIF1-α (Hypoxia-
Inducible Factor 1-α), a transcription factor stabilized 
under low oxygen conditions, regulates gene expression 
related to metabolism, angiogenesis, cell proliferation, 
and differentiation. In the bone marrow microenviron-
ment, HIF-1α plays a crucial role in regulating bone and 
fat production by influencing the differentiation of bone 
marrow-derived mesenchymal stem cells (BMSCs) [25, 
26]. Studies have shown that mice lacking the HIF-1α 
gene exhibit significantly reduced bone mineral density 
[27]. Moreover, the local administration of HIF-1α mim-
ics in bone defects has been found to enhance callus 
regeneration and promote osteogenesis, indicating that 
HIF-1α is a key regulator of bone metabolism.

Study aim to explore the RDTF for treating primary 
osteoporosis. Specifically, the study aims to elucidate the 
mechanisms by which RDTFs inhibit adipogenesis and 
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promote osteogenesis through the MAPK/HIF1-α signal-
ing pathway. Result show these pathways at the molecu-
lar level, contributing to the treatment on bone quality 
deterioration associated with primary osteoporosis. The 
methods and experimental design of this study are shown 
in Fig. 1.

Materials and methods
Animals and treatments
SPF female C57/BL6J mice, aged 6 weeks and weigh-
ing approximately 20 ± 2  g. All experimental procedures 
involving with the Committee group of Experimental 
Animal Ethics at Zhejiang Chinese Medical University. 
All animals were purchased from Beijing Weitonglihua 
Animal Science and Technology Development SCXK 
(JING) 2016-0011. The experimental animals were pro-
vided by the Animal Experiment Ethics Committee of 
Zhejiang Chinese Medical University, No. 20231204-04.

Drug administration
50 female mice were randomly separated to four groups: 
control group, an ovariectomized model group (OVX), 
sham-operated group (SHAM), an treatment group with 
estradiol-positive drug group (E2), and total flavonoids of 
rhizoma drynariae treatment group: Low dose treatment 
of TRFD group (TRFD-L), High dose treatment of TRFD 

group (TRFD-H), with 10 mice in each group. Bilateral 
ovariectomy was performed on the model group to sim-
ulate the sudden decline in estrogen levels observed in 
postmenopausal women. In the OVX group, an abdomi-
nal incision was made to locate the ovaries, which were 
then completely removed following ligation of the uter-
ine horn, and the incision was sutured. In the SHAM 
group, only the fat mass near the ovary was removed. 
Seven days post-operation, mice in OVX and the SHAM 
were administered distilled water by gavage. The E2 
group received estradiol (27.273  mg/kg/day), while the 
TRFD group was administered Low dose treatment 
group -TRFD-L 66.4775 mg/kg/day, High dose treatment 
group - TRFD-H (132.955  mg/kg/day) by gavage. After 
12 weeks the next analysis was performed. Estradiol (98% 
purity, S30633), from Source Leaf; total flavonoids of rhi-
zoma drynariae (total flavonoids content is 98%, Chinese 
medicine approval number Z20133051), from Beijing Qi 
Huang Pharmaceutical Co., LTD.

Micro-computed tomography (Micro-CT) scan
The femur of Micro-CT imaging was employed to test 
the bone structure. The scanning settings were config-
ured at(80 kV;500 µA), ROI was selected for image from 
the CT data. The assessed parameters included bone vol-
ume relative to total volume (BV/TV), bone surface area 

Fig. 1 Overview of the research methodology
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in relation to bone volume, trabecular thickness (Tb.Th, 
mm), and trabecular spacing (Tb.Sp, mm) for compara-
tive record.

Enzyme-linked immunosorbent assay (ELISA)
Levels of cytokines were measured using enzyme-linked 
immunosorbent assay (ELISA) kits. The concentrations 
of ALP, RUNX2, p38-MAPK, and HIF-1α were specifi-
cally measured by mouse ELISA kits, with the protocols 
and recommendations provided by the manufacturer.

Hematoxylin and Eosin (HE) and TRAP staining
The femurs of the mice were treated with paraformal-
dehyde (4%) by24 hours. The samples then completely 
decalcified using 10% ethylenediaminetetraacetic acid 
and subjected to a dehydration process through etha-
nol concentrations (50%, 75%, 80%, 85%, 90%, 95%, and 
100%). Following this, the bone tissue was made trans-
parent in xylene. All samples sliced into sections that 
were 5 μm. Then used for TRAP and HE staining kit, cap-
tured using microscope.

Immunohistochemistry and Immunofluorescence
Immunohistochemistry (IHC) staining was conducted 
using antibodies specific to BMP-2 (1:200, Abcam), 
MAPK (1:100, Abcam), and HIF-1α (1:100, Abcam). 
Then treated with horseradish peroxidase (HRP)-linked 
secondary antibodies. Following this, the sections under-
went staining with a DAB kit, images were captured 
using a microscope scanner. For immunofluorescence, 
4  μm thick sections from the distal femoral epiphyses 
that were paraffin-embedded were used. All sections 
underwent blocking with 500  µl of blocking solution 
for 1  h, followed by overnight incubation at 4  °C with 
PPAR-γ antibodies (1:200, Abcam). And then, goat anti-
rabbit immunoglobulin G, staining the nuclei with DAPI 
at a concentration 10  min. Then washed with PBS, and 
captured using microscope.

Bioinformatics analysis
To investigate the effects of total TRFD on primary 
osteoporosis, RNA sequencing data from treated and 
control groups were analyzed for gene expression using 
the DESeq2 package in R. Genes were considered dif-
ferentially expressed if they exhibited an adjusted 
p-value of less than 0.05 and|log2FoldChange| > 1. The 
VennDiagram package in R was utilized to generate a 
Venn diagram illustrating the overlap between differen-
tially expressed genes. Enrichment analyses for GO and 
KEGG pathways. This aimed to show enriched biologi-
cal pathways associated with the differentially expressed 
genes(p < 0.05).

BMSC Preparation and culture
BMSCs were extracted from the SD rats. Under ster-
ile conditions, bone marrow was collected from both 
femurs. The harvested cells were then seeded into plas-
tic flasks containing DMEM-LG supplemented with 
10% fetal bovine serum, 10 ng/ml epidermal growth fac-
tor, and antibiotics at 37  °C in a humidified atmosphere 
with 5% CO₂ (Precision Scientific, MA, USA). After 
48  h, BMSCs adhered to the flask bottoms. The culture 
medium was refreshed every 3 to 4 days. Further puri-
fication of the cells was achieved through successive 
passaging.

BMSC osteogenic and adipogenic induction
Osteogenic Induction: When BMSCs reached approxi-
mately 80% confluence, they were transitioned to an 
osteogenic induction medium. This medium comprised 
DMEM-LG (Gibco, Lot: 12345), 10% fetal bovine serum, 
β-glycerophosphate, ascorbic acid, and dexamethasone). 
The cells were incubated at 37  °C in a 5% CO₂ environ-
ment, with medium changes occurring every three days. 
Subsequently, osteogenic differentiation was evaluated 
through ALP staining and Alizarin Red S staining.

Adipogenic Induction: BMSCs cultured to approxi-
mately 80% confluence were switched to adipogenic 
induction medium, which included DMEM-LG, 10% 
fetal bovine serum, Dexamethasone, 0.5 mM 3-isobutyl-
1-methylxanthine, insulin, and 200 µM indomethacin. 
Cells were incubated at 37 °C in a 5% CO₂ incubator, with 
the medium changed every 3 days. After 14 days, assess-
ment of adipogenic differentiation was conducted using 
Oil Red O staining.

Alkaline phosphatase (ALP) activity
ALP activity was assessed using an ALP activity assay 
kit. After, the cells were washed with PBS and lysed with 
lysis buffer. Subsequently added substrate solution to the 
lysates and measured at 405 nm.

Alkaline phosphatase (ALP) staining
ALP staining was conducted using a staining kit based on 
the azo-coupling method. The ALP incubation solution 
(with a ratio of AS-BI to FBB of 1:1) was added dropwise, 
and the mixture was kept in the dark for 20 min. After-
ward, the chondrocytes underwent counterstaining with 
a nuclear fast red solution for a duration of 5 min. Ulti-
mately, the cells were examined using with microscope.

Alizarin red S (ARS) staining
Cells were treated in 10% formaldehyde 15 min. Follow-
ing the removal of formaldehyde, then rinsed with water 
and stained with Alizarin Red S. To reduce nonspecific 
staining, Finally, images of the stained cultures were 
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taken. Ultimately, the cells were examined using with 
microscope.

Oil red O (ORO) staining
Cells were fixed in 50% ice-cold ethanol at 4 °C for 30 min 
and subsequently stained with Oil Red O for 10 min, and 
the cells were rinsed with 50% ethanol and aqua ad ini-
ectabilia. Ultimately, the cells were examined using with 
microscope.

Western blotting (WB) analysis
To assess the protein expression levels in different groups 
of BMSC cells, we performed Western blot analysis. We 
extracted total cellular proteins and quantified them 
using a BCA protein assay kit (Beyotime, P0012). Subse-
quently, equal quantities of protein samples (30 µg) were 
subjected to SDS-PAGE for separation and then trans-
ferred onto PVDF membranes (Millipore, IPVH00010). 
PVDF were treated with a 5% milk. This was followed by 
overnight incubation at 4  °C with the antibodies: anti-
RUNX2 antibody (Abcam, ab76956, 1:1000), anti-BMP-2 
antibody (Abcam, ab14933, 1:1000), anti-PPAR-γ anti-
body (Abcam, ab178860, dilution 1:1000), anti-C/EBPα 
antibody (Abcam, ab40761, 1:1000), anti-phospho-p38 
MAPK antibody (Abcam, ab4822, 1:1000), anti-HIF-1α 
antibody (Abcam, ab51608, 1:1000), and anti-GAPDH 
antibody (Abcam, ab8245, 1:5000) as the internal con-
trol. and then were washed with TBST (10 min each) and 
incubated with HRP- antibodies (Abcam, ab6721, 1:5000) 
at room temperature for 1 h. After washing three times 
with TBST, using ECL kit (Beyotime, P0018S) the signals 
were captured with a gel imaging system.

Quantitative real-time PCR
Total RNA was extracted from BMSC cells by TRIzol 
reagentand quantified with a NanoDrop 2000 spec-
trophotometer. qRT-PCR was performed using SYBR 

Premix Ex Taq II (Takara, RR820A) on an ABI Prism 
7500 Sequence Detection System (Applied Biosystems). 
Primers for RUNX2, BMP-2, PPAR-γ, C/EBPα, p38 
MAPK, HIF-1α, and GAPDH (internal control) were 
used, with sequences (Table 1).

Statistical analysis
All data are presented as mean ± standard and analyzed 
using GraphPad Prism 8.3.0 software (GraphPad Soft-
ware Inc., USA). Unpaired Student’s t-tests were used for 
comparisons between two groups, while one-way analy-
sis of variance (ANOVA) was applied for four groups. 
P ≤ 0.05 was deemed significant, *p < 0.05, **p < 0.01, ** 
*p < 0.001, and ****p < 0.0001.

Results
TRFD enhanced the bone microarchitecture in 
ovariectomized (OVX) mice
We employed microCT to assess femoral trabecular 
and cortical bone, confirming the effects of TRFD on 
bone mass. Twelve weeks after ovariectomy, significant 
improve BMD. All reductions of BMD were significantly 
reversed following interventions with estradiol (E2) and 
TRFD (Fig.  2A). The microCT results indicated sub-
stantial bone loss in the ovariectomized (OVX) group 
compared to the sham-operated group, as evidenced by 
marked decreases in BMD, BV/TV, BS/TV, Tb.Th, Tb.N. 
Tb.Sp increased significantly (p < 0.05). Subsequent 
administration of TRFD and E2 demonstrated that both 
treatments reversed bone loss. Compared with OVX 
group, the OVX + TRFD and E2 groups exhibited sig-
nificant improvements in bone density, In the treatment 
of TRFD, the treatment and improvement results of the 
high-dose TRFD-H group were significantly better than 
those of the low-dose TRFD-L group, showing a signifi-
cant dose dependence.BV/TV, BS/TV, Tb.Th, and Tb.N, 
while Tb.Sp decreased significantly (p < 0.05) (Fig.  2B). 
These findings suggest that ovariectomy reduced bone 
mass and disrupted bone microarchitecture, whereas 
treatments with TRFD may mitigate these adverse 
effects.

TRFD effectively reversed bone histopathological 
degeneration in ovariectomized (OVX) mice
We conducted an analysis of the metaphyseal of the 
femur through histomorphology. HE staining demon-
strated a complete and intact trabecular structure in 
the Sham(Fig.  3A). In contrast, OVX exhibited signifi-
cant trabecular damage, characterized by thinning, frac-
tures, reduced area, and increased trabecular spacing. 
Following interventions with estradiol E2 and TRFD, 
these histopathological changes were markedly ame-
liorated. Specifically, HE is staining showed trabecular 
structure in the TRFD-treated group was restored, with 

Table 1 Primer sequence synthesis
Primer Primer sequence
RUNX2 CCATCCATCCACTCCACCAC

GCCAGAGGCAGAAGTCAGAG
BMP-2 ACGGAGACACAGCTCACAAG

GATCTTCTTCCCAGGCAGGC
PPAR γ GGAGCCTAAGTTTGAGTTTGCTGTG

TGCAGCAGGTTGTCTTGGATG
C/EBPα ATGGCCTGCTGTCGGTG

TCACTGCTGGTGATGGTG
p38- AMPK ACGAAGGAAGAATCCTGTGACAA

CAGTCCCTGATTTGGCTTCTGTA
HIf1a GGACGATGAACATCAAGTCAGCA

AGGAATGGGTTCACAAATCAGCA
GAPDH AAATGGTGAAGGTCGGTGTGAAC

CAACAATCTCCACTTTGCCACTG
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increased trabecular thickness, reduced trabecular sepa-
ration, and a more robust and continuous trabecular 
network compared to the OVX group. TRAP staining 
demonstrated the osteoclasts in OVX group was signifi-
cantly higher than SHAM group, indicating an increase 
in bone resorption (Fig. B). However, the number of 
osteoclasts was significantly reduced after E2 and TRFD 

interventions. In the TRFD-treated group, TRAP stain-
ing showed a marked decrease in osteoclast numbers, 
suggesting reduced bone resorption activity. This reduc-
tion in osteoclasts was accompanied by improvements 
in bone microarchitecture, as evidenced by the restora-
tion of trabecular structure observed in, HE staining. 
These findings indicate that TRFD effectively reduces 

Fig. 2 Micro CT of the femur of mice. A: images of micro-CT in each group. B:The measured parameters of BMD, BS/TV, BV/TV, Tb.N, Tb.Th, Tb.Sp. 
mean ± SD, n = 10; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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bone resorption and ameliorates bone histopathologi-
cal changes by inhibiting the activity of osteoclasts. In 
the treatment of TRFD, the treatment and improvement 
results of the high-dose TRFD-H group were signifi-
cantly better than those of the low-dose TRFD-L group, 
showing a significant dose dependence. The therapeutic 
efficacy of TRFD in mitigating osteoporosis is likely due 

to its ability to modulate osteoclast activity, thereby pre-
serving trabecular structure and bone mass.

TRFD improved the serum markers of bone metabolism 
and MAPK/HIF-1α in in OVX mice
We employed ELISA kits to detect key markers of osteo-
genesis activity and measure the content of MAPK and 

Fig. 3 Histological analysis of the femur was performed for each group. A: HE staining, (scale bar 200 μm). B: TRAP staining, (active TRAP + osteoclasts 
stained in red, scale bar 200 μm)
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HIF-1α. Compared with SHAM group, OVX exhibited 
severe bone mass loss, significantly decrease in serum 
RUNX2 and ALP, and low levels of HIF-1α,MAPK 
(p < 0.05) (Fig.  4A). Following administration of TRFD 
and estradiol (E2), both interventions significantly upreg-
ulated osteogenesis markers RUNX2 and ALP, increased 
MAPK content, and elevated HIF-1α levels (p < 0.05) 
(Fig.  4A). In the treatment of TRFD, the treatment and 

improvement results of the high-dose TRFD-H group 
were significantly better than those of the low-dose 
TRFD-L group, showing a significant dose dependence. 
These indicate TRFD effectively improves bone meta-
bolic indices by promoting osteogenesis, enhancing 
MAPK signaling pathways, and increasing HIF-1α levels, 
underscoring its potential as a promising natural treat-
ment for osteoporosis.

Fig. 4 Immunohistochemistry of femoral tissue of P38-MAPK, HIF-1α,BMP-2, (active cell stained brown, scale bar 200 μm)
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TRFD improved expression of osteogenic and adipose with 
MAPK and HIF-1α proteins in bone tissue
Immunohistochemistry was used to detect osteogenic 
proteins and MAPK and HIF-1α proteins in bone tis-
sue, with positive indicators shown in brown. Com-
pared with SHAM group, OVX group had decreased 
expression of the osteogenic protein BMP-2, MAPK, 
and HIF-1α (p < 0.05) (Fig.  4) (Fig.  5B C D), with statis-
tically significant differences (p < 0.05) (Fig.  4) (Fig.  5B 
C D). In the fluorescent staining of bone tissue, posi-
tive indicators were stained red. Compared with SHAM 
group, OVX group exhibited high levels of the adipose 
marker PPAR-γ. TRFD and E2 were then administered 
to evaluate their therapeutic effects. Both interven-
tions significantly upregulated the expression of BMP-2, 
MAPK, and HIF-1α proteins (p < 0.05) (Fig.  4) (Fig.  5B 
C D). And notably downregulated the content of PPAR-
γ(p < 0.05) (Fig.  5) (Fig.  6B). Pathological changes after 
TRFD treatment were notable. TRFD significantly ame-
liorated bone loss and improved bone microarchitecture 
in OVX osteoporotic mice. The upregulation of BMP-2 
and MAPK indicates enhanced osteogenic differentiation 
and bone formation, while the increased expression of 
HIF-1α suggests improved hypoxic response and cellular 
adaptation in the bone microenvironment, In the treat-
ment of TRFD, the treatment and improvement results 
of the high-dose TRFD-H group were significantly bet-
ter than those of the low-dose TRFD-L group, showing 
a significant dose dependence (p < 0.05) (Fig.  4) (Fig.  5B 

C D). Additionally, the elevation of PPAR-γ levels reflects 
enhanced adipogenic activity (p < 0.05) (Fig. 5) (Fig. 6B), 
which has a destructive effect on maintaining bone mar-
row homeostasis and overall bone health, In the treat-
ment of TRFD, the treatment and improvement results 
of the high-dose TRFD-H group were significantly bet-
ter than those of the low-dose TRFD-L group, showing a 
significant dose dependence.The results show that E2 and 
TRFD significantly correcting Bone metabolism indices 
in OVX osteoporotic mice. TRFD demonstrated a com-
prehensive therapeutic effect by promoting osteogenesis 
through the upregulation of BMP-2 and MAPK, enhanc-
ing the hypoxic response via reduce the levels of HIF-1α, 
and Inhibiting levels of PPAR-γ.

Bioinformatics analysis
Using R software, we performed an intersection analysis 
of disease target genes and traditional Chinese medicine 
(TCM) target genes, resulting in a Venn diagram that 
identified 21 common target genes between TCM and 
disease (Fig.  7A). Among these, there are 2850 disease 
target genes and 121 target genes for TRFD. We then 
applied the DAVID database platform to conduct Gene 
Ontology (GO) enrichment analysis on the identified 
potential targets and visualized the results(Fig.  7B, C). 
The findings indicate that multiple targets are related to 
pathogenesis of Osteoporosis. The GO enrichment show 
the core target genes of TRFD primarily involve biologi-
cal processes related to response to drugs, oxygen levels, 

Fig. 5 Immunostaining of femoral from each group, (A) Immunostaining intensity of PPAR γ in femoral tissue, Red signifies cells positive for PPAR γ; blue 
DAPI; immunostaining at 40× magnification(scale bar 100 μm)
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toxic substances, hypoxia, alkaloids, and decreased oxy-
gen levels, as well as negative regulation of ion trans-
port, negative regulation of calcium ion transport, and 
aging. In terms of cellular components, these targets 
mainly act on the nucleus, cytoplasm, and plasma mem-
brane (Fig. 7BC). The molecular functions of the relevant 

targets that regulate OP are enriched in protein bind-
ing, enzyme binding, and protein homodimerization 
activity. Important biological processes associated with 
TRFD include positive regulation of RNA polymerase II 
promoter transcription, redox processes, negative regu-
lation of apoptosis, and signal transduction. The KEGG 

Fig. 6 (A) ELISA for serum RUNX2, ALP, p53MAPK, HIF-1αin each group; (B) Quantitative analysis of Immunostaining staining of PPAR-γ, mean ± SD, n = 10; 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; (C), (D), (E) Quantitative analysis of IHC staining of BMP-2,p53MAPK、HIF-1α, mean ± SD, n = 10; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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pathway enrichment analysis results reveal significant 
involvement of pathways such a, MAPK signaling path-
way, small cell lung cancer, Salmonella infection, ferrop-
tosis, and HIF-1 signaling pathway. Literature related to 
osteoporosis signaling pathways indicates that the MAPK 
signaling pathway, and HIF-1 signaling pathway regulate 
osteoblasts, osteoclasts, and adipocytes, thereby partici-
pating in bone metabolism (Fig. 7B C).The bioinformatics 
analysis underscores impact of TRFD on gene of expres-
sion in primary osteoporosis. The key pathways, particu-
larly the MAPK and HIF-1 signaling pathways, suggests 
that TRFD may enhance bone microarchitecture by 
influencing molecular mechanisms associated with bone 
formation, resorption, and response to stress. These find-
ings show foundation for exploration of TRFD as a thera-
peutic agent in osteoporosis.

TRFD promotes the BMSC differentiation of osteogenic
ALP activity assay results indicated that the ALP activ-
ity in BMSCs cultured with different concentrations of 
TRFD (1 µg/ml, 10 µg/ml, and 50 µg/ml) was higher than 
control group (P < 0.01), with 50 µg/ml group exhibiting 
the highest ALP activity (p < 0.05) (Fig.  8C). To confirm 
the effect of TRFD on osteogenic differentiation, 7 days 
of osteogenic culture, ALP staining of the blank control 
group showed a light intensity with sparse distribution. 
In the 1 µg/ml TRFD treatment group, ALP staining was 
noticeably darker with increased distribution density. 
The 10  µg/ml TRFD group exhibited even deeper ALP 

staining and a larger distribution density, while the 50 µg/
ml TRFD group demonstrated the most intense ALP 
staining and the highest distribution density(Fig.  8B). 
After 14 days of osteogenic induction, the ARS results 
were consistent with ALP staining, demonstrating a sig-
nificant increase in mineralized nodule formation in 
the TFDR-treated groups(Fig.  8A). The TRFD groups 
exhibited a significantly greater number of mineralized 
nodules in BMSC-differentiated osteoblasts compared 
to the control group. WB highlighted significantly ele-
vated levels of RUNX2 and BMP2 in the TRFD treat-
ment groups(p < 0.05) (Fig. 9AB). Furthermore, RT-qPCR 
results demonstrated a significant increase (P < 0.05) 
in the expression levels of Runx2 and Bmp2(p < 0.05)
(Fig. 9C).These suggest TRFD effectively promotes osteo-
genic differentiation by increased ALP, enhanced min-
eralization, and elevated expression of key osteogenic 
markers. The strong correlation between TRFD concen-
tration and the osteogenic response indicates a dose-
dependent effect, with higher concentrations yielding 
greater enhancement of osteogenic differentiation.

TRFD inhibited BMSC differentiation of adipogenesis
On the 14th day after adipogenic induction, Oil Red O 
staining showed increase the lipid droplets in BMSC-
derived adipocytes. Treatment with TRFD of 1, 10, and 
50 µg/ml significantly reduced the number of lipid drop-
lets. Compared with adipogenic induction group alone, 
the areas of ORO-positive regions in the TRFD groups 

Fig. 7 Bioinformatics analysis diagram (A) Bone fragmentation supplement: drug component-PMOP target, Venn diagram target (B), GO enrichment 
analysis, bar chart target, (C) KEGG pathway enrichment analysis, bubble map
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were reduced by nearly half, with the 50  µg/ml TRFD 
treatment showing a significant reduction compared to 
the BMSCs control group (Fig. 8D). Western blot analysis 
revealed reduced levels of adipogenesis-related proteins 
PPAR-γ and C/EBPα. Additionally (p < 0.05) (Fig.  9A 
B), RT-qPCR results demonstrated a reduction in the 
expression levels of adipogenesis-related genes PPAR-γ 

and C/EBPα, exhibiting a notable dose-dependent effect 
(p < 0.05) (Fig.  9C). Pathological changes after TRFD 
treatment were notable. TRFD significantly inhibited 
adipogenic differentiation of BMSCs, as evidenced by 
reduced lipid accumulation and decreased expression of 
key adipogenic markers. The reduction in PPAR-γ and C/
EBPα at both protein and gene levels suggests that TRFD 

Fig. 8 BMSC osteogenic and adipogenic differentiation. (A) Results of alizarin red S staining. (B) Results of ALP staining. (C) Quantitative results of ALP 
activity. (D) Oil red O staining results, mean ± SD, n = 10; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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effectively suppresses the adipogenic pathway, thereby 
potentially reallocating BMSC differentiation towards 
osteogenesis. This shift in differentiation could be a criti-
cal factor in improving bone health and mitigating osteo-
porotic changes.

TRFD relies on MAPK /HIF-1αsignaling to promoted 
osteogenesis and inhibited adipogenic expression of BMSC
To gain deeper insights into the MAPK-HIF-1α path-
way in the enhancement of cell differentiation by TRFD, 

Under intervention with different concentrations of 
TRFD (1 µg/ml, 10 µg/ml, and 50 µg/ml), Western blot-
ting analysis and RT-qPCR results indicated that TRFD 
significantly promoted the phosphorylation of P38-
MAPK and markedly increased the expression levels 
of P38-MAPK compared to the blank control group 
(p < 0.05) (Fig.  9). Concurrently, HIF-1α protein levels 
exhibited a notable upregulation. In summary, MAPK-
HIF-1α signaling pathway by TRFD plays a pivotal role 
in promoting osteogenic differentiation of BMSCs, as 

Fig. 9 The expression of key factors MAPK/HIF-1α, osteogenic markers and adipogenic markers detected using qRT-PCR and Western blot. (A) Represen-
tative blots showing of Key marker proteins levels. (B) Representative graphs showing the relative expression of Key marker proteins. (C) Representative 
graphs of qRT-PCR expression. mean ± SD, n = 10; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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evidenced by increased osteogenic marker expression 
and decreased adipogenic marker levels (p < 0.05) (Fig. 9). 
This dual action of TRFD not only enhances bone forma-
tion but also inhibits fat accumulation, as a therapeutic 
agent for bone metabolic disorders.

Discussion
The pathogenesis of primary osteoporosis [29] is mul-
tifactorial, involving a delicate balance between bone 
resorption and bone formation [7]. Two critical pro-
cesses, adipogenesis and osteogenesis, play a key role 
in maintaining balance. osteogenesis involves the trans-
formation of MSCs into osteoblasts, which are the cells 
that contribute to the formation of bone [30]. The inter-
play between adipogenesis and osteogenesis is particu-
larly relevant in the context of primary osteoporosis. An 
increase of osteogenesis within the bone marrow niche 
is a hallmark of age-related osteoporosis, contributing 
to reduced bone formation and increased bone fragility 
(Fig. 10). Understanding the molecular mechanisms that 
regulate the switch between adipogenic and osteogenic 

differentiation is therefore essential for developing tar-
geted therapies for osteoporosis.

Studies have highlighted the importance of MAPK 
pathway and HIF1-α in regulating both adipogenesis and 
osteogenesis [31–33]. The MAPK pathway is known to 
mediate various cellular responses to external stimuli, 
including stress and growth factors, and has been impli-
cated in the differentiation of MSCs into osteoblasts [34]. 
On the other hand, HIF1-α, a transcription factor that 
responds to hypoxic conditions, is crucial in promoting 
angiogenesis and osteogenesis [35], particularly under 
low oxygen tension, which is a common feature of the 
bone marrow microenvironment. BMSCs as a type of 
stem cell, which exists in bone marrow and cancellous 
bone. The activated and phosphorylated MAPK signaling 
pathway regulates BMPs and basic fibroblast growth fac-
tor 2, and it is one of the primary pathways involved in 
osteoblast proliferation and differentiation [36]. The acti-
vation of ERK and p38MAPK is directly associated with 
osteogenesis. Numerous studies have demonstrated that 
HIF-1α positively influences BMSCs and significantly 
promotes their proliferation, migration, and osteogenic 

Fig. 10 Summary picture of the research mechanism
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differentiation under conditions of hypoxia. The regula-
tion of HIF-1α in osteoblasts can be categorized into nor-
moxic and hypoxic conditions. Knockdown of HIF-1α 
inhibits osteoblast viability and proliferation under nor-
mal oxygen conditions by suppressing the expression of 
FoxO1 [35]. The decreased level of osteogenic factors, 
such as Runx2,ALP, also leads to increased levels of ROS 
and apoptosis. This leads to disordered cortical bone 
structure and a significant reduction in the bone forma-
tion rate and overall bone mass. Marker genes associated 
with adipogenesis in adipocytes are essential for their 
function in the formation and function of PPARγ, C/
EBPα, adiponectin, and lipoprotein lipase [37]. PPARγ as 
the primary regulatory factors in adipose differentiation, 
adjusting the formation of adipocytes, lipid storage, and 
insulin sensitivity [38]. This process is activated by mul-
tiple genes related to lipid metabolism, promoting the 
differentiation of precursor cells into mature adipocytes. 
C/EBPα is another crucial transcription factor that, in 
conjunction with PPARγ, cooperates to regulate the dif-
ferentiation process of adipocytes. C/EBPα plays a signif-
icant role in the early stages of adipogenic differentiation, 
assisting in the maintenance of the terminally differenti-
ated state of adipocytes [39, 40].

Research has indicated that TRFD can influence the 
activity, and differentiation of bone cells via various 
mechanisms. These effects contribute to enhanced bone 
formation, reduced bone resorption, and offer poten-
tial benefits. Studies have indicated that Drynaria total 
flavonoids possess estrogen-like effects and can treat 
osteoporosis by reducing the expression of osteoclasts in 
bone tissue and increasing the mineral content of femoral 
bone in ovariectomized female rats. Li Yan et al. found 
that Dryfill inhibited the mRNA expression of PPARγ 
and LPL, subsequently inhibiting the adipogenic differen-
tiation of rat BMSCs, increasing bone mineral density in 
rats, and contributing to its anti-osteoporosis effects. In 
this study, we utilized an ovariectomized mouse model to 
evaluate the therapeutic potential of TFDR in modulat-
ing bone microarchitecture, bone metabolism markers, 
and the differentiation of BMSCs into osteogenic and 
adipogenic lineages. Our comprehensive experimental 
analysis confirmed the efficacy of TRFD in ameliorating 
postmenopausal osteoporosis. Micro-CT showed signifi-
cant trabecular bone loss and deterioration in the OVX 
group, characterized by reductions in BV/TV, BS/TV, Tb. 
Th, and Tb.N, accompanied by increased Tb.Sp. How-
ever, the administration of TRFD significantly reversed 
these detrimental changes, demonstrating its protective 
effect on bone microarchitecture by mitigating bone loss. 
Histomorphometric analysis and TRAP staining fur-
ther corroborated the protective effects of TRFD. OVX 
mice exhibited marked histopathological deterioration, 
including trabecular thinning, fractures, and an increase 

in osteoclast numbers. TRFD treatment significantly 
reduced osteoclast activity and improved trabecular 
integrity, suggesting that TRFD exerts its anti-osteopo-
rotic effects by inhibiting excessive osteoclast. ELISA and 
immunohistochemistry demonstrated that TRFD signifi-
cantly upregulated osteogenesis-related markers, such 
as RUNX2 and BMP-2. Concurrently, TRFD promoted 
the activation of the MAPK and HIF-1α. These results 
indicate that TRFD facilitates osteogenic differentiation 
by modulating the MAPK/HIF-1α signaling axis, which 
plays a pivotal role in the regulation of bone metabolism.

It is noteworthy that most current studies focus on the 
imbalance between osteogenesis and osteoclastogenesis, 
whereas our study specifically investigates the correla-
tion between osteogenic and adipogenic differentiation 
of BMSCs. In our study, the effect of TRFD on BMSC 
differentiation was treated through Oil Red staining, 
ALP activity assays, staining and PCR and Western blot 
analysis. TRFD significantly inhibited adipogenic differ-
entiation, as evidenced by decreased lipid droplet forma-
tion and reduced expression of adipogenesis-associated 
proteins, including PPAR-γandC/EBPα. Conversely, 
TRFD enhanced osteogenic differentiation, as indicated 
by increased ALP activity, mineralized nodule formation, 
and upregulation of osteogenic proteins such as RUNX2 
and BMP-2. These findings underscore the role of TRFD 
in directing BMSC differentiation toward the osteogenic 
lineage while concurrently inhibiting adipogenesis. In 
addition, we have also demonstrated the mechanism and 
regulatory role of MAPK/HIF-1αpathway in the pro-
cess of osteogenic adipogenic differentiation through in 
vitro cell experiments, and bioinformatics analysis has 
also obtained relevant pathway. The analysis revealed 
that TRFD targets critical signaling pathways implicated 
in the pathogenesis of PMOP, including NF-κB, MAPK, 
and HIF-1 pathways, which are integral to the regulation 
of osteoblast, osteoclast, and adipocyte activity in bone 
metabolism.

In summary, our study provides compelling evidence 
that TRFD exerts a multifaceted protective effect against 
bone loss in OVX-induced osteoporotic mice. TRFD not 
only restores bone microarchitecture and modulates key 
bone metabolism markers but also promotes osteogen-
esis while inhibiting adipogenesis through the regulation 
of the MAPK/HIF-1α pathway. These results indicate 
TRFD can be a promising therapeutic option for man-
aging postmenopausal osteoporosis. Further studies are 
needed to assess the clinical safety and effectiveness of 
TRFD to determine its applicability in human treatments.

Conclusion
In all, this study highlights the significant therapeutic 
potential of TRFD in the management of osteoporosis. 
TRFD effectively promotes osteogenesis and inhibits 
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adipogenesis in mesenchymal stem cells, evidenced by 
improved bone microarchitecture and enhanced serum 
osteogenic markers in ovariectomized mice. As show in 
this study, MAPK and HIF-1α signaling pathways is cru-
cial in mediating these effects. These results indicate that 
TRFD can be a valuable natural treatment for osteopo-
rosis, warranting further exploration into its mechanisms 
and clinical applications.
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