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Abstract
Objective Osteoporosis is a systemic disease with high morbidity and significant adverse effects. Increasing 
evidence supports the close relationship between oxidative stress and osteoporosis, suggesting that treatment with 
antioxidants may be a viable approach. This study evaluated the antioxidant properties of dichotomitin (DH) and its 
potential protective effects against osteoporosis.

Methods SD rats were divided into three groups: Sham, OVX, and OVX + DH (5 mg/kg, intraperitoneal injection 
twice weekly). After three months, blood samples, femurs, and tibiae were collected for analysis. Micro-CT evaluated 
the femoral, while histological examination assessed tibial tissues. Serum osteogenic biochemical markers were 
measured. In vitro, osteogenic differentiation was induced with varying concentrations of DH, followed by ALP 
and ARS staining. RT-qPCR and western blot were used to assess the expression of osteogenesis-related genes and 
proteins. Additionally, an oxidative stress cell model was established, dividing cells into control, H2O2-treated, and 
H2O2 + DH-treated groups. Expression of oxidative stress-related genes and proteins was assessed using real-time 
quantitative PCR and western blotting.

Results Micro-CT and histological staining revealed decreased and disrupted bone trabeculae in the OVX group, 
whereas the DH-treated group exhibited enhanced bone trabecular area and structure compared to the OVX group. 
In vitro studies showed that DH enhanced ALP activity and elevated expression of RUNX2, OPN, OCN, SOD1, and 
SOD2.

Conclusion DH has the potential to enhance osteoblast differentiation and alleviate osteoporosis through the 
attenuation of oxidative stress.
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Introduction
Osteoporosis (OP) is marked by greater bone resorp-
tion than formation, main to reduced bone mass, 
weakened bone strength, and deteriorated bone micro-
architecture [1]. This condition heightens bone fragility 
and fracture susceptibility, leading to substantial health 
risks and economic burdens, especially in older adults 
[2, 3]. Identifying high-risk fracture groups and provid-
ing them with appropriate treatment options are crucial 
steps in managing this disease. Current medications like 
bisphosphonates, denosumab, and estrogens are associ-
ated with significant drawbacks, including severe side 
effects, high costs, and prolonged treatment regimens, 
which frequently result in poor patient compliance [4, 
5]. Therefore, there is a pressing urgent want to improve 
anti-osteoporosis capsules that offer improved efficacy 
and fewer adverse effects.

Oxidative stress takes place when an equilibrium 
between oxidative and antioxidant processes, leads to an 
oxidation-prone state within an organism [6]. Immoder-
ate reactive oxygen species (ROS) induced by oxidative 
stress can impair redox-sensitive transcription factors, 
compromising mitochondrial and DNA integrity. Con-
sequently, the cellular DNA repair mechanisms may 
become less effective in addressing oxidative damage, 
leading to DNA damage accumulation that can trigger 
apoptosis (programmed cell death) or necrosis, further 
causing tissue damage [7, 8]. Growing evidence indi-
cates that excessive ROS production negatively impacts 
bone metabolism and contributes to osteoporosis [9, 10]. 
Oxidative stress performs an imperative function in the 
onset and development of osteoporosis. Elevated oxida-
tive stress now not solely causes significant apoptosis of 
primary osteoblasts but additionally inhibits osteogenic 
differentiation [11–13]. Therefore, mitigating oxidative 
stress could promote osteoblast proliferation, although 
the specific mechanisms require further investigation.

Dichotomitin (DH) is an isoflavonoid derived from 
Belamcanda Rhizoma. Belamcanda Rhizoma has been 
mentioned to possess a variety of beneficial outcomes 
along with anti-inflammatory, adhesion-inducing, anti-
mutagenic, anti-angiogenic, chemosensory, and antimi-
crobial properties. It also acts to prevent biomolecule 
over-oxidation through several antioxidant mechanisms 
such as reducing transition metal ions, inhibiting lipid 
peroxidation, and scavenging free radicals [14, 15]. 
The main active components of Belamcanda Rhizoma 
extracts include isoflavones like tectoridin, tectorigenin, 
dichotomitin, and iristectorigein A. Both tectoridin and 
tectorigenin exhibit antioxidant effects [16, 17].

Therefore, it is plausible that DH also possesses anti-
oxidant properties. In this study, we aimed to confirm 
this speculation and explore whether DH promotes 
osteoblast differentiation to mitigate osteoporosis. This 

research marks the first discovery of DH’s potential ther-
apeutic role in osteoporosis treatment, offering a possible 
strategy for addressing this condition.

Materials and methods
Animals
Twelve wholesome female SFP-grade SD rats, weigh-
ing 220 ± 20  g, had been provided through the Experi-
mental Centre of Zhejiang Chinese Medical University. 
The rats were housed at the Experimental Centre under 
controlled conditions: room temperature 21℃~25℃, 
humidity 55%~70%, with free admission to water and 
general pellet feed. All procedures adhered to the ‘Regu-
lations on the Administration of Laboratory Animals’ of 
the People’s Republic of China. The experimental proto-
col was approved by the Ethics Committee of Zhejiang 
Chinese Medical University (IACUC-20210517-05).

Chemical reagents
Dichotomitin (160 mg) was purchased from Med Chem 
Express, Inc.

Animal groups
The rats were randomly assigned to three groups (every 
consisting of four animals): Sham, OVX, and OVX + DH 
group. The OVX + DH group received intraperitoneal 
injections of DH (5  mg/kg) twice a week. After three 
months, the rats were euthanized with CO2 overdose. 
Then the abdominal aortic blood was centrifuged, and 
the serum was collected. Bilateral femurs were harvested, 
processed, and fixed for analysis.

Animal model
Bilateral ovariectomy (OVX) was performed to induce 
an osteoporosis (OP) model in rats. They were first anes-
thetized with sodium pentobarbital (30 mg/kg intraperi-
toneally). Then skin over the mid-spine was shaved and 
sterilized, and 3 cm longitudinal incisions were made on 
both sides of the spine. The ovaries were removed after 
identifying the surrounding fat tissue, while in the sham 
group, the ovaries remained intact. The remaining tissue 
was returned to its original position, and the incision was 
sutured. Postoperatively, each rat received an intramus-
cular injection of 80,000 units of penicillin sodium.

Micro-CT Assessment
The rat femurs were harvested, and the soft tissues at 
the distal ends were excised, fixed in paraformaldehyde 
for 48 h, and then stored in a 75% ethanol solution. The 
distal femur was scanned using Micro-CT (Skyscan 1176, 
Bruker-microCT, Kontich, Belgium) with the following 
scanning parameters: resolution 8.73 μm, voltage 42 kV, 
current 555 µA, and exposure time 786 ms. Three-dimen-
sional images were generated using CTvox software (v3.0, 
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SkyScan) to visualize bone microstructural changes. The 
trabecular bone volume/tissue volume ratio (BV/TV), 
bone surface/volume ratio (BS/BV), trabecular number 
(Tb.N), trabecular bone separation (Tb.Sp), and trabecu-
lar thickness (Tb.Th) were then calculated.

Enzyme-linked immunosorbent assays (ELISA)
The serum was retrieved at -80  °C (for the collec-
tion method, see Sect. 2.3). ALP, OCN, and OPN levels 
were measured using their respective ELISA kits (Yux-
iang, Zhejiang, China) according to the manufacturer’s 
instructions. Briefly, standard and sample wells were 
prepared. In the standard wells, 50 µL of standard solu-
tions with concentrations of 0, 3, 6, 12, 24, and 48 ng/
mL were added. For the sample wells, 10 µL of the test 
sample was first added, followed by 40 µL of sample dilu-
ent. In both the standard and sample wells, 100 µL of 
HRP-conjugated detection antibody was added. The wells 
were sealed with adhesive film and incubated at 37 °C for 
60 min. After discarding the liquid, the wells were blotted 
dry with filter paper. Wash buffer was then added to each 
well, left for 1  min, discarded, and the wells were blot-
ted dry again. This washing procedure was repeated five 
times. Next, 50 µL of substrate A and 50 µL of substrate 
B were added to each well, and the plates were incubated 
in the dark at 37 °C for 15 min. Finally, 50 µL of stop solu-
tion was added to each well, and the absorbance (OD) of 
each well was measured at 450 nm within 15 min.

Histopathological analysis
The tibia was fixed, decalcified with EDTA for 4 weeks, 
dehydrated, and embedded. The specimen was sectioned 
into 5 μm. Sections were stained with HE and subjected 
to immunohistochemical staining for TRAP, OPN, and 
MMP9. Analysis was conducted using Image-Pro Plus 6.0 
software.

Cell culture
The HS-5 cell line was maintained in DMEM/F-12 
medium with 10% fetal bovine serum, 1% glutamine, 
and 1% antibiotic solution at 37  °C and 5% CO2. Cells 
at 70–80% confluence were trypsinized with TrypLE™ 
Select at a 1:3 ratio for passaging. HS-5 cells are human 
bone marrow stromal cells derived from the stroma of 
a 30-year-old Caucasian male patient. These cells are 
isolated from bone marrow tissue, show fibroblast-like 
morphology, and have osteogenic differentiation capac-
ity. They are adherent and represent a transformed cell 
line. The information referenced in HS-5 (CL-0798) was 
kindly provided by Wuhan Pricella Biotechnology Co., 
Ltd.

Cell proliferation assay
To evaluate the impact of DH on cell proliferation, a 
CCK-8 assay was performed. HS-5 were cultured in 
96-well plates and exposed to media with DH concentra-
tions of 0 µM, 0.5 µM, 1.0 µM, 1.5 µM, and 2.0 µM. At 
specified intervals, 10 µL of CCK-8 was once delivered to 
every nicely and then placed in an incubator for 1–2  h. 
Absorbance at 450  nm was measured with the usage of 
a microplate reader, and OD values had been recorded. 
Experiments were conducted at 24, 48, 72, and 96  h 
post-treatment.

ALP staining
HS-5 were seeded in 24-well plates and induced for 
osteogenesis at 70–80% confluence. The control group 
received only the osteogenic induction solution, whereas 
the experimental group received the osteogenic induc-
tion solution with DH concentrations of 0.5 µM, 1.0 µM, 
1.5 µM, and 2.0 µM. Staining was performed on the 7th 
day using the Alkaline Phosphatase BCIP/NBT Chromo-
genic Kit.

ALP activity assay
On the 7th of osteogenic differentiation, the cells were 
lysed and centrifuged to obtain the supernatant. The 
activity was then measured following the guidelines fur-
nished with the ALP assay kit. Each group was tested 
with a minimum of three replicates to ensure reliable 
comparisons.

ARS staining
Cells were stained on day 21 of osteogenic differentiation 
following the steps in the Osteoblast Mineralized Nod-
ule Staining Kit. The medium was removed, and the cells 
were washed thrice with PBS, fixed for 30  min, washed 
thrice with ddH2O, and stained with ARS solution for 
30 min.

Determination of ARS activity
After ARS staining, images of the plates were captured 
and then allowed to dry.1 mL of 10% cetylpyridinium 
chloride was then brought to the wells and shaken on a 
horizontal shaker for 30 min. 200 µL aliquot from every 
nicely used to be transferred to a 96-well plate and mea-
sured the 570  nm absorbance. The data were quantita-
tively analyzed using GraphPad Prism 9.

Construction and measurement of cellular model of 
oxidative stress
Upon reaching 70–80% confluence, cells were treated 
with 100 µM H2O2 for 1 h. Then H2O2 was removed and 
added serum-free medium containing 10 µM 2,7-dichlo-
rofluorescein diacetate (DCFH-DA ) and then placed in 
an incubator for 20  min. Finally, the cells were washed 
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thrice with serum-free culture medium and observed 
under a fluorescence microscope.

15 RT-qPCR
RNA was extracted using the RNA-Quick Purification 
Kit. The concentration and purity of the RNA solution 
were determined utilizing a Micro Nucleic Acid and Pro-
tein Analyser. The cDNA was synthesized following the 
cDNA Synthesis Kit instructions. The qPCR reaction 
mixture was prepared following the guidelines of the 
2X PowerUp SYBR Green Master Mix. The amplifica-
tion and melting curves were confirmed at the end of the 
procedure. GAPDH was used as an internal control, and 
the gene expression between groups was normalized and 
calculated by the 2-ΔΔCt method. Primer sequences are 
listed in Table 1.

Western blot
Appropriate volumes of RIPA lysate were combined with 
100X protein phosphatase inhibitor complex I and 100 
mM PMSF to achieve a 1X concentration. The mixture 
was pipetted repeatedly to ensure thorough mixing. Cell 
lysates were added at a ratio of 300 µL lysate per well. 
The mixture was re-pipetted to ensure complete cell lysis 
and then put on ice for 5–10  min. Then centrifuged at 
12,000  rpm for 10  min. Removed the supernatant to a 
new centrifuge tube, and protein concentration was mea-
sured by the BCA method. The protein sample buffer was 
added to the supernatant, followed by boiling the sam-
ples. Electrophoresis was followed by membrane trans-
fer via the wet transfer method. The membranes were 
blocked, incubated with antibodies, and washed, and the 
gray values were calculated.

Statistical analysis
GraphPad Prism 9 was used for statistical analyses. 
Group differences were assessed and analyzed with a 
Kruskal-Wallis test, and post hoc comparison was done 
using the Mann-Whitney U test. p < 0.05, indicates statis-
tically significant.

Result
Micro-CT analysis of femurs in different rat groups
Figure  1A shows that the OVX group experienced a 
notable reduction in distal femoral trabeculae, marked by 
a sparse trabecular structure and reduced bone volume. 
The OVX + DH group confirmed substantial improve-
ments in the number, structure, and integrity of trabecu-
lae. Figure 1B-G suggests that the OVX group exhibited 
notably lower BV/TV, BS/BV, BS/TV, Tb.Th, and Tb.N. 
In contrast, the OVX + DH group demonstrated signifi-
cant increases in BV/TV, Tb.Th, and Tb.N. These recom-
mend that DH effectively mitigates the deterioration of 
trabecular microstructure and the development of osteo-
porosis in OVX rats.

Serum ELISA results
As shown in Fig.  1H-J, ALP, OPN, and OCN showed 
statistically significant differences between the OVX 
and Sham groups (p < 0.05). Additionally, ALP and OPN 
exhibited statistically significant differences between the 
OVX and OVX + DH groups (p < 0.05).

Results of histopathological analysis
HE staining and micro-CT analysis yielded consistent 
results (Fig.  2A). Both techniques demonstrated that in 
the Sham group, the trabeculae were dense, homoge-
neous, and continuous. In the OVX group, the trabecu-
lae were reduced, fragmented, and sparsely arranged, 
with increased spacing and a significantly reduced 
area. In contrast, in the DH group, the bone trabeculae 
showed increased area and overall improvement. This 
may be attributed to the beneficial effect of DH on bone 
microarchitecture.

Immunohistochemical results
Figure 2B indicates a significantly higher count of TRAP-
positive cells in the OVX relative to the sham(p < 0.05). 
Conversely, the DH exhibited a statistically sizeable 
reduction in osteoclast numbers compared to the 
OVX(p < 0.05), indicating that DH effectively inhibits 
osteoclastic bone resorption in rats. Figure  2C shows 
that OPN expression was significantly reduced in the 

Table 1 The sequence of primers used in RT-qPCR
Gene name Forward primer Reverse primer
OCN  C T A C C T G T A T C A A T G G C T G G G  G G A T T G A G C T C A C A C A C C T
OPN  T C A C A C A T G G A A A G C G A G G A G T T G  A C T G T C C T T C C C A C G G C T G T C
COL1A1  A A A G A T G G A C T C A A C G G T C T C  C A T C G T G A G C C T T C T C T T G A G
RUNX2  A G G C A G T T C C C A A G C A T T T C A T C C  T G G C A G G T A G G T G T G G T A G T G A G
OSX  A T A G T G G G C A G C T A G A A G G G A G T G  A T T A G G G C A G T C G C A G G A G G A G
CAT  G A C A T T A C C A A A T A C T C C A A G G C A A A G  G A A C C C G A T T C T C C A G C A A C A G
SOD1  G C C G T G T G C G T G C T G A A G  T T C A C T G G T C C A T T A C T T T C C T T C T G
SOD2  G C A C C A C A G C A A G C A C C A C  T G A T A T G A C C A C C A C C A T T G A A C T T C
GAPDH  C A A G A G C A C A A G A G G A A G A G A G  C T A C A T G G C A A C T G T G A G G A G



Page 5 of 10Han et al. Journal of Orthopaedic Surgery and Research            (2025) 20:6 

Fig. 2 HE staining (A), Immunohistochemical staining of TRAP(B), OPN (C), and MMP9 (C) in the tibia. D, E, F, and G display the statistical analysis results of 
HE staining (A), immunohistochemical staining of TRAP (B), OPN (C), and MMP9 (D), respectively

 

Fig. 1 Micro-CT pictures of femurs (A) and Micro-CT parameters, including BS/TV (B), BS/BV (C), BV/TV (D), Tb.Th (E), Tb.N (F), and Tb.Sp (G).Levels of 
serum ALP(H), OPN(I), and OCN(J) in three groups(n = 4)

 



Page 6 of 10Han et al. Journal of Orthopaedic Surgery and Research            (2025) 20:6 

OVX group compared to the Sham group, with this dif-
ference reaching statistical significance(p < 0.05). No sig-
nificant difference was observed between the other two 
groups(p > 0.05). Figure  2C shows that MMP9 expres-
sion was considerably greater in the OVX than in both 
the Sham and OVX + DH(p < 0.05). However, no signifi-
cant difference was observed between the OVX + DH and 
Sham(p > 0.05). These findings suggest that DH treatment 
effectively reduced the expression of MMP9.

Results of cell proliferation experiments
As shown in Fig.  3A, both 1.0 µM and 1.5 µM concen-
trations of DH significantly promoted the proliferation 
of HS-5 cells, with differences compared to the control 
group reaching statistical significance (p < 0.05). In con-
trast, 2.0 µM of DH inhibited the proliferation of HS-5 
cells, and this inhibition was statistically significant rela-
tive to the control group (p < 0.05).

Influences of DH on the osteogenic differentiation of HS-5
ALP staining and ALP activity results
DH at concentrations of 0.5–1.5 µM enhanced ALP activ-
ity compared to the control group (Fig. 3B).

Results of ARS Staining and quantitative analysis of 
mineralized nodules
ARS staining intensity increased progressively with 0.5–
1.5 µM DH compared to the control group (Fig. 3C), and 

the quantitative analysis of mineralized nodules revealed 
statistically significant.

RT-qPCR results
Compared to the control group, a concentration of 0.5 
µM increased the expression of COL1A1, RUNX2, OSX, 
OPN, and OCN genes, although the effect was not sta-
tistically significant (p > 0.05). In contrast, 1.0 µM and 1.5 
µM concentrations significantly upregulated the expres-
sion of these genes (Fig. 4A-E, p < 0.05).

Western blot results
In line with the RT-qPCR results, 0.5 µM increased the 
protein expression of RUNX2, OPN, and OCN pro-
teins, though this effect was not statistically significant 
(p > 0.05). In contrast, 1.0 µM and 1.5 µM considerably 
expanded RUNX2, OPN, and OCN proteins (Fig.  4F, 
p < 0.05).

Effects of DH on oxidative stress
Figure  5A shows that DCFH-DA expression was exten-
sively higher in the H2O2 group compared to the control, 
but appreciably lower in the H2O2 + DH group compared 
to the H2O2. RT-qPCR results indicated significantly 
reduced expression of CAT, SOD1, and SOD2 genes in 
the H2O2 group relative to the control(p < 0.05). While 
CAT, SOD1, and SOD2 gene expression levels were 
elevated in the H2O2 + DH group compared to the H2O2 
group (Fig. 5B-D, p < 0.05). Western blot analysis revealed 

Fig. 3 Cell proliferation assay (A). ALP (B), ARS (C) staining, and statistical analysis (D, E) in three groups. The tests were carried out thrice
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a significant decrease in SOD1 and SOD2 protein levels 
in the H2O2, whereas these levels substantially elevated 
in the H2O2 + DH relative to the H2O2 group (Fig. 5E-G). 
The findings indicate that DH reduces intracellular oxida-
tive stress.

DH promotes Osteogenesis by inhibiting oxidative stress
As depicted in Fig. 5H-K, the H2O2 group exhibited sig-
nificantly reduced, ALP, and ARS staining, along with 
fewer ALP-active and mineralized nodules, compared 
to the control group(p < 0.05). These parameters were 
elevated in the H2O2 + DH group compared to the H2O2 
group (p < 0.05).

Discussion
Osteoporosis, marked by increased bone turnover and 
decreased bone mass, occurs as a result of an imbal-
ance between bone resorption and bone formation, main 
to skeletal fragility and a higher fracture risk [18, 19]. It 
represents a significant public health challenge, affecting 
approximately 200  million individuals worldwide, pre-
dominantly aged over 60 [20]. The increasing incidence 
of osteoporosis in our aging population highlights the 
urgent need for comprehensive studies to identify new 
therapeutic targets. We investigated the effects of DH 
on OVX rats and HS-5 cells, elucidating its mechanisms 

of action. Our findings indicate that DH may enhance 
osteoblast viability, promote osteoclast differentiation, 
and protect HS-5 cells from the effects of hydrogen per-
oxide-induced oxidative stress. However, it cannot be 
fully reduced, as the normal process of bone reconstruc-
tion relies on the production of a certain level of oxygen-
free radicals [21].

Animal experiments using micro-CT and HE stain-
ing revealed that DH significantly improved the struc-
ture and quantity of bone trabeculae in OVX rats. Serum 
levels of ALP, OPN, and OCN were higher in the DH 
group in contrast to the OVX. The increased expression 
of OPN observed through immunohistochemistry was 
consistent with the ELISA results. DH treatment reduced 
TRAP-positive cells and immunohistochemical MMP9 
expression. These findings indicate that DH enhances 
trabecular number and thickness, reduces trabecular 
separation, improves bone histology, and boosts osteo-
genic capacity in OVX rats, promoting bone formation, 
and inhibiting bone resorption by osteoclasts, thereby 
ameliorating osteoporosis.

In cellular experiments, we investigated the impact of 
DH on osteoblast proliferation and differentiation.ALP 
is an essential marker for early osteogenic differentiation 
and a vital enzyme in bone matrix formation [12]. OPN, 
primarily secreted by osteoblasts, is a phosphorylated 

Fig. 4 RT-qPCR analysis of mRNA expression for COL1A1 (A), RUNX2 (B), OSX (C), OPN (D), and OCN (E) genes. Gene expression levels were normalized 
against GAPDH. Protein expression levels of RUNX2, OPN, and OCN(F) were analyzed using Western blotting. GAPDH served as the loading control. The 
protein levels of RUNX2(G), OPN(H), and OCN(I) were quantified using densitometric analysis and normalized to GAPDH. The experiment was conducted 
thrice
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protein associated with bone strength and remodel-
ing and offers protection against osteoporosis [22, 23]. 
RUNX2, a transcription factor, is crucial for osteoinduc-
tion and bone tissue formation and remodeling [24, 25]. 
OCN, a non-collagenous bone matrix protein secreted 
and synthesized by osteoblasts, serves as a marker for 
mature osteoblasts and is vital for bone metabolism, 
including mineralization [26]. Thus, ALP staining, RT-
qPCR, and Western Blot assays were utilized to evalu-
ate ALP activity and the expression levels of OCN, OPN, 
and RUNX2 genes and proteins in osteoblasts. Results 
indicated that, after 7 days of intervention with varying 
DH concentrations, the highest ALP activity and pro-
tein expression levels for OCN, OPN, and RUNX2 were 
observed at 1.5µM.

Maintaining cellular redox homeostasis hinges on the 
dynamic stability between ROS manufacturing and anti-
oxidant capacity [8]. Oxidative stress takes place when 
increased ROS exceeds cellular antioxidant defenses, 
leading to harm to nucleic acids, proteins, and lipids 
[27–29]. Organisms have developed antioxidant defense 
mechanisms, such as superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GPX), glutathione 
reductase (GRX), thioredoxin (TXN), and peroxiredoxin 
(PRX), to mitigate oxidative cellular damage and main-
tain physiological ROS levels. These enzymes convert 

H2O2 into water H2O [30]. Osteoporosis is traditionally 
attributed to factors involving hormonal changes, defi-
ciencies in calcium and vitamin D, and the natural aging 
process. Oxidative stress has also emerged as a sizeable 
factor in literature [31–34]. Bai et al. discussed how 
H2O2-induced oxidative stress inhibits osteogenic differ-
entiation in rabbit BMSCs and cranial osteoblasts [35]. Li 
et al. examined luteolin’s role in preventing osteoporosis 
in rats by reducing oxidative stress and inhibiting osteo-
blast-specific protein expression [36]. Tao et al. investi-
gated probucol, which was shown to enhance osteoblast 
activity and function in an ovariectomized rat model by 
promoting bone formation through reduced intracellular 
ROS levels [13]. Xu et al. reported that 4-MC prevents 
OVX-induced bone loss by inhibiting ROS production via 
Keap1 inhibition [37]. The antioxidant N-acetylcysteine 
(NAC) significantly enhances osteoblastic bone forma-
tion in OVX mice [38]. Additionally, melatonin, α-lipoic 
acid, and resveratrol have shown potential in promot-
ing osteoblast differentiation and aiding in osteoporosis 
recovery through their antioxidant properties [39–41]. In 
our experiments, we observed that DH not only enhances 
osteoblast proliferation and differentiation but also mark-
edly reduces intracellular ROS levels and promotes the 
expression of CAT, SOD1, and SOD2. These findings sug-
gest that DH improves the intracellular oxidative stress 

Fig. 5 Intracellular ROS levels in HS-5 cells (A). RT-qPCR analysis of CAT(B), SOD1(C), and SOD2(D) genes. Gene expression levels were normalized against 
GAPDH. Protein expression of SOD1 and SOD2 by Western Blot. Densitometric analysis was used to assess SOD1(F) and SOD2(G) protein levels, calculated 
as a ratio relative to GAPDH protein levels.ALP (H), ARS (I) staining and statistical analysis (I, K) in three groups. These experiments used to be performed 
thrice
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state by inhibiting ROS production, enhancing antioxi-
dant expression, and promoting osteoblast differentiation 
by alleviating oxidative stress.

In conclusion, DH may improve osteoblast function 
and activity by inhibiting intracellular oxidative stress. 
This study suggests that DH may be a potential approach 
to ameliorate oxidative stress-related osteoporosis and 
other forms of osteoporosis, but more experimental vali-
dation of the specific efficacy is needed. As the treatment 
duration in this study was limited to 3 months, its long-
term effects remain uncertain. In addition, due to the 
limited specificity and small number of rats, further stud-
ies are needed to determine whether DH is effective in all 
types of osteoporosis.
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