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was significantly reduced due to estrogen defi-
ciency; however, PD administration significantly 
elevated bone mass. Furthermore, PD substantial-
ly improved the trabecular microstructure param-
eters of the femur and enhanced bone strength 
compared with OVX mice. Hepatorenal toxici-
ty was not observed in liver and kidney samples 
stained with H&E. PD significantly increased the 
proliferation of pre-osteoblast MC3T3-E1 cells and 
upregulated the expression of osteogenic differ-
entiation markers compared to those in controls, 
as determined by qRT-PCR and western blotting. 

CONCLUSIONS: PD exerted a significant an-
ti-osteoporotic effect in OVX mice by promoting 
osteogenesis. PD has great potential as a thera-
peutic option for osteoporosis.
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Abstract. – OBJECTIVE: Osteoporosis is 
a severe degenerative chronic metabolic bone 
disease associated with high fracture risk. Poly-
datin (PD), a major bioactive component of Po-
lygonum cuspidatum, has antioxidant and an-
ti-inflammatory effects. This study investigated 
the anti-osteoporotic activity of PD in ovariecto-
mized (OVX) mice and elucidated its underlying 
molecular mechanisms. 

SUBJECTS AND METHODS: An osteoporosis 
mouse model was established using OVX mice. 
OVX mice were then administered 10 or 40 mg/
kg of PD for 60 days. Micro-CT and three-point 
bending tests were used to determine the ther-
apeutic activities of PD in OVX mice. H&E stain-
ing was used to determine whether PD induced 
hepatorenal toxicity. In addition, the cellular and 
molecular mechanisms underlying the function-
ality of PD were elucidated. 

RESULTS: Micro-CT results showed that com-
pared to control mice, the bone mass of OVX mice 
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Introduction

Osteoporosis (OP) is a systemic metabolic bone 
disease that mainly manifests as decreased bone 
mass, deterioration of bone microstructure, and 
reduced bone strength, leading to a significant in-
crease in fracture risk1. In mainland China, the 
overall prevalence of osteoporosis in people over 
50 years of age is 30-40% and 10-20% in the fe-
male and male populations, respectively2. Regard-
less of the study design and population selection, 
almost all studies show that the incident rates of 
osteoporosis in women are higher than in men2. 
This higher incidence in women is associated 
with postmenopausal osteoporosis, which affects 
approximately 30% of postmenopausal women in 
the United States and Europe. Postmenopausal 
osteoporosis (PMOP) is caused by low estrogen 
levels after menopause3. Although OP is known to 
be related to sex, age, and steroid use, its specific 
pathogenesis has not been elucidated4. An imbal-
ance in bone remodeling caused by an imbalance 
in osteoclast and osteoblast differentiation is also 
a major cause of OP5-7. Bone-resorbing osteoclast 
activity markedly increases with a reduction in 
estrogen concentration; however, bone-forming 
osteoblast activity decreases8,9. Therefore, the 
promotion of osteoblast differentiation and resto-
ration of the homeostasis of osteoclasts and osteo-
blast differentiation may be useful in treating OP.

At present, the main treatment for OP are 
menopausal hormone therapies (MHT), includ-
ing estrogen therapy (ET) and estrogen plus pro-
gestogen therapy (EPT), which inhibit bone turn-
over and reduce bone loss10. However, MHT may 
cause serious side effects such as breast cancer, 
endometrial cancer, and cardiovascular disease11. 
Other FDA-approved osteoporosis-treating drugs 
include bisphosphonates and the monoclonal an-
tibody denosumab12; however, these inhibit bone 
resorption but do not stimulate new bone forma-
tion13. Therefore, it is necessary to search for new 
osteoporosis drugs that are less toxic and can pro-
mote bone formation. 

Polydatin (PD) is a small natural molecule ex-
tracted from the roots of Polygonum cuspidatum 
Sieb. et Zucc. It has been extensively used in tra-
ditional Chinese medicine for its expectorant, an-
tipyretic, and analgesic functions14. PD also has 
anti-fibrosis, anti-tumor, anti-oxidation, anti-in-
flammatory, and anti-bacterial functions, as well 
as estrogen-like effects15-17. PD also has significant 
protective effects on the lungs, kidneys, liver, and 
the cardiovascular system14. These studies sug-

gest that PD exerts its pharmacological effects by 
regulating multiple targets and pathways. 

In addition to these effects, PD also regulates 
bone metabolism. By regulating the Wnt/β-cat-
enin pathway4,18, MAPK pathway19, and OPG/
RANKL ratio, PD improves the osteogenic dif-
ferentiation of human bone marrow stem cells 
(hBMSCs)20. Therefore, PD has shown promising 
therapeutic effects against osteoporosis. Howev-
er, to our knowledge, the potential toxicity of PD 
in vivo has not yet been studied. Moreover, the 
potential therapeutic effects of PD and the spe-
cific mechanisms through which PD exerts its 
anti-osteoporotic function require further inves-
tigation. Therefore, the purpose of this study was 
to examine the anti-osteoporotic activity of PD in 
ovariectomized (OVX) mice and in bone-form-
ing-related cells. Our study provides a reliable ex-
perimental and theoretical basis for the use of PD 
in the clinical treatment of osteoporosis.

Subjects and Methods

Animals
Thirty healthy two-month-old female C57BL/6 

mice were obtained from the Zhejiang Experi-
mental Animal Center. The experimental animal 
production license number is SCXK (Zhejiang) 
2020-0001. The mice were raised and studied in 
an individually ventilated cage (IVC) system of 
specific pathogen-free (SPF) barrier facilities at 
this center. The license number for experimental 
animals was SCXK (Zhejiang) 2020-0008. The 
experimental animals were raised at 22 ± 2°C and 
50-60% humidity with a 12-h/12-h light/dark cy-
cle. All animals were provided ad libitum access 
to food and water. All experiments were approved 
by the Animal Ethics Committee of the Hwa Mei 
Hospital at the University of Chinese Academy of 
Sciences.

 
OVX Mouse Model

After acclimation for one week, all mice were 
raised for another five weeks before ovary remov-
al. Each mouse was randomly assigned to one of 
the five groups (n = 6 each): low-concentration 
group (low), high-concentration group (high), 
OVX group, sham-operated group (control), and 
blank group. Subsequently, ovariectomy was per-
formed in the low, high, and OVX groups. After 
anesthetization by oral administration of 50 mg/
kg pentobarbital sodium, bilateral ovaries were 
removed through an incision in the back. Mice 
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in the sham-operated group received the same 
treatment, but partial fat removal was performed 
instead of ovarian removal. The control group did 
not undergo any surgical procedures. Mice in the 
low-dose group were intraperitoneally injected 
with PD (purity ≥ 98%, Lot No. FY1278S0712; 
Nantong Feiyu Biotechnology Co., Ltd., Nantong, 
China) solution at a concentration of 10 mg/kg ev-
ery two days. Mice in the high-dose group were 
injected with 40 mg/kg PD every two days. The 
control, blank, and OVX groups were adminis-
tered the same volume of saline solution. 

The mice were raised for another 60 days and 
sacrificed via cervical dislocation after anesthe-
sia. The uterine weight and body weight of each 
group were recorded. The femur and tibiofibula 
of the lower limbs were rapidly dissected after the 
removal of the attached muscles and connective 
tissues. Liver and kidney specimens were rapidly 
dissected and fixed in 4% paraformaldehyde for 
further analysis.

Micro-CT Scanning of Femurs 
Micro-CT scanning (SkyScan 1174; Bruker, 

Germany) was used to evaluate femur morpholo-
gy. The scanning parameters were set as follows: 
voltage, 50 kV; current, 800 μA; and pixel size, 12 
μm (1304×1024 resolution). A 1.5 mm-high area 
of the distal femur was set as the region of interest 
(ROI) for 3D reconstruction. NRecon software 
(Bruker) was used for 3D image reconstruction, 
and CT-Analyzer software (Bruker) was used 
for 3D analysis. The trabecular bone parameters, 
including trabecular separation (Tb.Sp), bone 
volume per tissue volume (BV/TV), trabecular 
thickness (Tb.Th), trabecular number (Tb.N), and 
trabecular pattern factor (Tb.Pf), were also calcu-
lated and analyzed.

Mechanical Test
Mice in each group were sacrificed by cervi-

cal dislocation after anesthesia with pentobarbital 
sodium (50 mg/kg). After removing the muscles, 
fascia, and periosteum, 10 pairs of tibiae were 
immersed in 0.9% NaCl solution and stored at 
4°C. Mechanical testing of the tibiae was con-
ducted using three-point bending tests (TPBTs), 
as described by Carriero et al21, using a Zwick-
iLine material testing machine (BZ2.5/TN1S; 
ZwickRoell Pte. Ltd., Germany). In accordance 
with the mechanical test method, the two ends 
of the sample were supported by two supporters. 
Vertical pressure (force) was applied at the mid-
point between the two ends of the sample. The 

deflection of the loading point was defined as the 
vertical displacement of the loading point. As 
the load increased, the bone flexed and deformed 
until cracking separated, resulting in a flexural 
fracture. The testing process was controlled using 
an interactive computer. The computer collected 
and stored the data, displayed the load-deflection 
curve in real-time, and automatically calculated 
the parameters.

Hematoxylin and Eosin Staining of Liver 
and Kidney Samples

Liver and kidney tissues were collected and 
fixed overnight with 4% paraformaldehyde, fol-
lowed by decalcification. Paraffin slides were 
heated to 70°C for 15 min in an oven. The slides 
were automatically stained by H&E using an au-
tomated slide stainer (Tissue-Tek Prisma Plus; 
Sakura, Japan) and covers lipped with a Tissue 
Tek Automated Coverslipper (Sakura). 

Proliferation of RAW264.7 and 
MC3T3-E1 Cells

Mouse osteoclast RAW264.7 and pre-osteo-
blast MC3T3-E1 cell lines were obtained from 
American Type Culture Collection (ATCC, 
Manassas, VA, USA), cultivated in Dulbecco’s 
Modified Eagle’s Medium (DMEM) and α-MEM 
(Gibco, Waltham, MA, USA), respectively, and 
supplemented with 10% fetal bovine serum (FBS) 
(Gibco, origin: New Zealand) and 1% penicil-
lin-streptomycin (Gibco, Waltham, MA, USA) at 
5% CO2 and 37°C. 

A Cell Counting Kit-8 (CCK-8; Solarbio, Bei-
jing, China) was used to measure cell prolifera-
tion after the addition of PD. MC3T3-E1 cells 
were induced to differentiate using an osteogenic 
medium (OM) composed of 10 mM β-glycero-
phosphate (Solarbio, Beijing, China), 50 μg/mL 
ascorbic acid (Shanghai Aladdin Biochemical 
Technology Co. Ltd., Shanghai, China), and 10 
nM dexamethasone (Sigma-Aldrich, Shanghai, 
China). RANKL (Cell Signaling Technology, 
Danvers, MA, USA) at 50 ng/mL was added to 
RAW264.7 cells to induce differentiation into os-
teoclasts. PD was dissolved in anhydrous ethanol 
(50 mL) to obtain a 10 mM PD-ethanol solution. 
The PD solution was diluted to a series of concen-
trations using phosphate-buffered saline (PBS). A 
total of 5×103 cells were seeded into each well of a 
96-well plate. After incubation for 24 h, 10 μL of 
various concentrations of PD solution was added 
to the wells. The plate was then incubated for a 
further 48 h, followed by the addition of 10 μL 
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CCK-8 solution and incubation for another 2 h. 
A microplate reader (Infinite 200 PRO; TECAN, 
Männedorf, Switzerland) was used to measure 
absorbance at 450 nm.

Alizarin Red (AR) Staining
MC3T3-E1 cells were cultivated in OM in 24-

well plates. Different concentrations of PD (0, 1, 
and 100 nM) were added to the wells, followed 
by continuous cultivation for another 21 d. The 
wells were rinsed twice with PBS and fixed with 
4% PFA (Shanghai Aladdin Biochemical Tech-
nology Co., Ltd.) for 30 min. The fixed cells were 
subjected to AR (Solarbio) staining for 25 min 
after washing thrice with ddH2O. Calcium nod-
ules were observed under an optical microscope 
(Olympus, Tokyo, Japan). 

Effect of PD on Osteogenic 
Differentiation Markers

To characterize cell differentiation, we mea-
sured the expression of four osteogenic differen-
tiation markers: osteocalcin (OCN), alkaline phos-
phatase (ALP), Runx2, and collagen type I alpha 1 
chain (COL1A1). MC3T3-E1 cells were cultivated 
in OM in 6-well plates. After rinsing twice with 
PBS, fresh OM with or without PD was added to 
each well. After continuous cultivation for 48 h, 
the total RNA and protein were extracted for qRT-
PCR and western blotting (WB), respectively. To-
tal RNA was extracted using the TransZol UP Plus 
RNA Kit (TransGen, Beijing, China). The concen-
tration and quality of RNA were determined us-
ing a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). One micro-
gram of RNA was used to synthesize cDNA using 
EasyScript cDNA Synthesis SuperMix (Trans-
Gen). A TranStart qPCR SuperMix Kit (TransGen) 
was used to quantify the cDNA. The qRT-PCR 
was conducted using a 7500 Fast PCR system (Ap-
plied Biosystems, Waltham, MA, USA). Glycer-
aldehyde-3-Phosphate Dehydrogenase (GAPDH) 
was used as an internal control. The relative fold-
change in mRNA levels was represented as 2-ΔΔCt 
compared to that of the control group. 

 Total protein was extracted after induction with 
RIPA lysis buffer (Beyotime, Shanghai, China). 
To inhibit protein degradation, 2 mM PMSF was 
added to the buffer. The protein concentration in 
the supernatant was quantified after centrifuga-
tion using a bicinchoninic acid assay (BCA) kit 
(TransGen). Total proteins were separated using 
12% Sodium Dodecyl Sulfate–Polyacrylamide 
Gel Electrophoresis (SDS-PAGE), then trans-

ferred to a polyvinylidene difluoride (PVDF) 
membrane, which was blocked using 5% skim 
milk. Proteins were detected using primary anti-
bodies against osteogenic differentiation markers. 
Antibodies against Runx2 (catalog: PA1-41519), 
OCN (catalog: PA5-86886), and GAPDH (catalog: 
PA1-988) were purchased from Invitrogen (Carls-
bad, CA, USA). Antibodies against ALP (catalog: 
K108942P) and COL1A1 (catalog: K106404P) were 
purchased from Solarbio. We incubated the mem-
branes with HRP-conjugated secondary antibodies 
(Solarbio) after three washes with Tris-Buffered 
Saline and Tween-20 (TBST). Bands on the PVDF 
membranes were visualized using an eECL WB 
kit (CWBIO, Beijing, China). Western blot images 
were captured using ChampChemi software (Sage, 
Beijing, China). ImageJ software was used to de-
termine the protein level based on the GAPDH lev-
el as an endogenous control. 

Statistical Analysis
Statistical analyses were performed using 

SPSS 26.0 (SPSS Corp., IBM, Armonk, NY, 
USA). Data are expressed as the mean ±SD. One-
way ANOVA was used for statistical analysis. A 
p-value of less than 0.05 was considered to be sta-
tistically significant. 

Results

Changes in Body Weight and Uterine 
Weight After PD Injection

As shown in Figure 1A, after 60 days of treat-
ment, OVX mice gained significantly more body 
weight than mice in the blank and control groups 
(p < 0.001). Notably, the weight gain in OVX 
mice was reversed after treatment with PD. Low 
and high concentrations of PD significantly inhib-
ited weight gain in OVX mice. PD at high doses 
contributed to an 11.4% reduction in weight gain 
compared with the OVX group (Figure 1A). No 
significant differences in body weights were ob-
served between the blank and control groups. 

In contrast to the observed weight gain, the 
uterine index (uterine index = wet uterine weight 
(mg)/body weight (g)) was significantly lower 
in OVX mice than in blank and control mice (p 
< 0.001, Figure 1B). However, compared to the 
OVX group, low and high concentrations of PD 
markedly increased the uterine index (p < 0.001). 
The ability of high PD concentrations to increase 
the uterine index was significantly greater than 
that of low PD concentrations (p < 0.001). 



Y. Yuan, G. Feng, J. Yang, C. Yang, Y.-H. Tu

4396

Micro-CT Scanning
To investigate whether PD reduces estrogen defi-

ciency-related bone loss, distal femurs from PD-treat-
ed mice were analyzed using micro-CT. The results 
demonstrated that trabecular bone mass in the OVX 
group was significantly reduced compared to that in 

the control group. PD administration significantly im-
proved the bone mass in OVX mice, regardless of the 
concentration used. Mice in the high PD group ex-
hibited greater bone mass than those in the low group 
(Figure 2A). Collectively, these results indicate that 
PD administration reduces bone loss. 

Figure 1. Determination of body weight and uterine index. A-B, At the end of the experiment, the mice were weighed (A) and 
sacrificed. The uterus was then removed, and the uterine index was calculated (B). Uterine index = wet uterine weight (mg)/body 
weight (g). Data are expressed as mean ± SD, and one-way ANOVA was used for statistical analysis, **p< 0.01, ***p < 0.001.

Figure 2. Micro-CT analysis of microstructures in the femur. A, Representative images of the 3D reconstruction of femurs 
from all groups. B, Micro-CT analysis of Tb.N, BV/TV, Tb.Th, and Tb.Sp. Data are presented as mean ± SD, n = 3 rats for each 
group. One-way ANOVA was used for analysis, *p < 0.05, **p < 0.01, and ***p < 0.001. NS, not significant. 
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We also determined the parameters used to 
characterize the trabecular microstructure (Figure 
2B). OVX mice exhibited lower BV/TV, Tb.N, and 
Tb.Th values but a higher Tb.Sp value (p < 0.001) 
than those in the blank and control groups. In con-
trast to OVX mice, PD-treated mice also showed 
improved trabecular parameters. Mice in the high 
PD group exhibited significantly higher BV/TV, 
Tb.N, and Tb.Th values and a lower Tb.Sp value 
than mice in the OVX group. These results suggest 
that PD had a positive effect on osteogenesis. 

Mechanical Analysis 
To evaluate the effect of estrogen deficien-

cy and PD administration on bone strength and 
mechanical properties, a TPBT was performed 
using the tibia, as described by Carriero et al21 
(Figure 3A). Two key parameters were obtained 
from the TPBT: maximum load on the tibia and 
load on the tibial fracture. The maximum load on 
the tibia and the load on the tibial fracture were 
markedly lower in OVX mice than in the blank 
and control mice (Figure 3B, C). PD, regardless 

Figure 3. Assessment of mechanical properties of tibiae. A, Schematic diagram of the three-point bending test (TPBT) using 
ZwickiLine materials testing machine. ‘L’ represents span. B, TPBT was utilized to assess the stiffness of tibiae in all groups. 
The resulting data are plotted as load vs. displacement. C, The load reaching the fracture point in all groups. 

Figure 4. H&E staining of liver and kidney samples isolated from mice. A-B, Representative images of liver tissue (A) and 
kidney tissue (B) isolated from mice in all groups (100 × magnification). At the end of the experiment, the liver and kidney 
tissues from each group were dissected and stained with H&E. 



Y. Yuan, G. Feng, J. Yang, C. Yang, Y.-H. Tu

4398

of concentration, significantly elevated these two 
parameters. There was no statistical difference in 
the maximum load on the tibia and load on the 
tibial fracture among the low PD, high PD, con-
trol, and blank groups. These data show that the 
administration of PD substantially improved the 
mechanical strength of the tibia in OVX mice.

H&E Staining
H&E staining of the kidney and liver tissues 

was conducted at the end of the experiments to 
determine whether PD had toxic effects on mice. 
The liver tissue showed that the lobules of mice in 
each group were clearly structured, and cells were 
neatly arranged without vacuoles, hemorrhage, 
necrosis, or inflammatory cell infiltration (Figure 
4A). The renal tissue showed clear structures of 
the renal tubules and glomeruli, with no edema 
observed in the renal interstitium. The structure 
of the renal cortex was also complete, and no in-
flammatory cell infiltration, hyperemia, or necro-
sis was observed (Figure 4B). These results sug-
gest that PD is safe for mice, with no toxicity to 
the liver and kidneys.

Effect of PD on Cell Proliferation
To further clarify the mechanisms underlying 

the anti-osteoporotic effects of PD, we measured 
cell proliferation. To confirm the effects of PD 
on cell proliferation, we used the pre-osteoblast 
MC3T3-E1 cell line and RAW264.7 cells that 
had been converted into osteoclasts by RANKL. 
Compared with the control cells, PD treatment 
significantly increased the proliferation of 
MC3T3-E1 cells. At higher concentrations, PD 
more strongly promoted cell proliferation. In-
deed, compared with untreated cells, PD signifi-
cantly promoted the proliferation of MC3T3-E1 
cells even at a dose of 0.1 nM (p < 0.001). At a 
PD concentration of 100 nM, cell proliferation 
was approximately 7-fold higher than that at 0 
nM. However, no significant differences in the 
proliferation were observed between the 100 
nM and 250 nM treatment groups (Figure 5A). 
In contrast, the proliferation of RAW264.7 cells 
was significantly inhibited by PD treatment only 
when the concentration of PD reached 1 nM, 
resulting in a reduction of approximately 20% 
compared to the control. Notably, increasing the 
concentration of PD above 1 nM did not inhibit 
osteoclast proliferation (Figure 5B). Our results 
indicate that PD alleviates osteoporosis by pro-
moting osteoblast proliferation and inhibiting 
osteoclast proliferation.

Effect of PD on Osteogenic Differentiation 
To further investigate the ability of PD to pro-

mote osteoblast differentiation, we performed aliz-
arin red (AR) staining. The results demonstrated 
that PD enhanced mineralization capacity in a 
dose-dependent manner: more calcium nodules 
were found in PD-treated cells than in untreated 
cells, even at a concentration of 1 nM (Figure 5C).

To further investigate the possible molecu-
lar mechanism by which PD contributes to bone 
growth, we examined the expression of osteogen-
ic differentiation-related genes in MC3T3-E1 cells 
using qRT-PCR and WB. PD promoted the ex-
pression of osteogenic differentiation markers in 
a dose-dependent manner. Compared to untreated 
cells, an increase in PD concentration increased 
the expression levels of OCN, ALP, COL1A1, and 
Runx2 genes during osteogenic differentiation 
(Figure 6A), even at a concentration of 1 nM. WB 
results showed similar increases in protein levels 
(Figure 6B, C). Taken together, these results indi-
cate that PD enhances osteogenesis by promoting 
the expression of key osteogenic markers. 

Discussion

Natural medicines have diverse chemical struc-
tures and biological activities and have gradually 
become a huge resource pool for drug research and 
development22. Many herbal extracts have been 
shown to significantly enhance the differentiation 
of osteoblasts and hBMSCs4,23. PD is an active 
ingredient in traditional Chinese medicine and is 
extracted from Polygonum cuspidatum. PD is also 
found in many types of vegetables and fruits such 
as peanuts, hop cones, and grapes14,24. PD is the pre-
cursor to resveratrol and has a wide range of phys-
iological actions25, including therapeutic effects in 
diseases such as non-alcoholic steatohepatitis26, 

Table I. Primers used in qRT-PCR.

Name	 Sequence

OCN-F	 AGGAGGGCAGCGAGGTAG
OCN-R	 GAAAGCCGATGTGGTCAGC
ALP-F	 GCAGTATGAATTGAATCGGAACAAC
ALP-R	 ATGGCCTGGTCCATCTCCAC
COL1A1-F	 GACATGTTCAGCTTTGTGGACCTC
COL1A1-R	 GGGACCCTTAGGCCATTGTGTA
Runx2-F	 GAACCAAGAAGGCACAGACAGA
Runx2-R	 GGCGGGACACCTACTCTCATAC
GAPDH-F	 TGTCCGTCGTGGATCTGA
GAPDH-R	 TTGCTGTTGAAGTCGCAGGAG
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traumatic brain injury27, rheumatoid arthritis28, and 
osteosarcoma29. PD also promotes the osteogenic 
differentiation of dental bud stem cells (DBSCs)24 
and hBMSCs4. However, relatively few studies 
have explored the effects of PD on osteoblasts or 
the therapeutic effects of PD on osteoporosis. 

Postmenopausal osteoporosis is associated with 
estrogen deficiency caused by the deterioration of 
ovarian function in postmenopausal women and 
is one of the most common causes of bone mass 
loss30. Osteoporosis induced by OVX in mice is a 
common and reliable animal model that can simu-
late postmenopausal osteoporosis symptoms31. In 
this study, we successfully established an OVX 
mouse model and administered different concen-
trations of PD over 60 days to determine whether 
PD had a therapeutic effect on OVX mice. 

Micro-CT is an effective method for evalu-
ating the 3D microstructure of bone and can be 

used to understand its biomechanical properties 
and the effects of drug intervention32. BV/TV, 
Tb.N, Tb.Th, and Tb.Sp are the most common-
ly used indices for evaluating the microstructure 
of the bone trabeculae. When bone catabolism is 
greater than bone anabolism, as in osteoporosis, 
bone trabecular perforation and disappearance 
occur, resulting in a reduction in Tb.N and an 
increase in Tb.Sp33. In this study, BV/TV, Tb.N, 
and Tb.Th were significantly decreased in OVX 
mice; however, the value of Tb.Sp was increased 
compared with those in blank and control mice. 
This is consistent with the trabecular bone char-
acteristics observed in patients with osteoporotic 
fractures by Tamimi et al34. Our findings revealed 
that PD reversed the destruction of the trabecular 
microstructure. PD administration also signifi-
cantly improved trabecular parameters compared 
with OVX mice, indicating that PD influenced the 

Figure 5. Effects of PD on cell proliferation. A-B, The effects of PD on the proliferation of pre-osteoblast MC3T3-E1 cells (A) 
and RANKL-induced RAW264.7 osteoclast cells (B). Cells were seeded in a 96-well plate at a density of 5×103 cells/well. Ten 
milliliters of a series of concentrations of PD solutions were added to the wells. After incubation for 48 h, the proliferation of 
cells was assessed using the CCK-8 method. C, Representative images of AR staining (100 × magnification). The MC3T3-E1 
cells were continuously stimulated by PD (0, 1, and 100 nM) in an osteogenic medium, followed by AR staining. Data are 
expressed as mean ± SD and one-way ANOVA was used for analysis, *p < 0.05, **p < 0.01, and ***p < 0.001.
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prevention of osteoporosis. However, the optimal 
concentration of PD has not yet been determined 
and requires further study.

Trabecular microarchitecture plays an essen-
tial role in bone strength, especially in Tb.N and 
connectivity35. The TPBT is a method for mea-
suring and evaluating bone mechanical properties 
and can be used to characterize the brittleness of 
bone36. To the best of our knowledge, this is the 
first study to evaluate the effect of PD on bone 
strength. According to our mechanical data, the 
stiffness of the tibia in OVX mice was signifi-
cantly reduced compared with that of the blank 
and control mice, proving that the osteoporosis 
model was successful. During osteoporosis, bone 
strength decreases, and fractures are more likely 
to occur37. PD, regardless of concentration, signifi-
cantly improved the stiffness of the tibia and mit-
igated the symptoms of osteoporosis, compared 
with those of the OVX mice. This enhancement of 
bone strength may be related to the improvement 
in trabecular microstructure34,35. Combining the 
micro-CT and TPBT data, we conclude that PD 

significantly attenuates bone loss and alleviates 
osteoporosis in OVX mice. 

We also explored the underlying mechanism 
by which PD exerts its anti-osteoporotic effect. 
Our results demonstrated that PD significantly 
improved osteoblast proliferation and inhibited 
osteoclast proliferation. PD increased the ex-
pression levels of the osteogenic differentiation 
markers COL1A1, OCN, ALP, and Runx2, indi-
cating an improvement in bone formation. Our 
observations are in line with those of previous 
studies showing that PD (10, 30, and 100 μM) 
significantly increases the proliferation of hBM-
SCs and enhances the expression of Runx2, OCN, 
and COL1A1 during hBMSC osteogenesis4,38. In 
contrast, we found that 1 nM PD was sufficient 
to stimulate osteoblast differentiation and marker 
expression, which is much lower than the 10 μM 
concentration used previously. However, com-
pared to 100 nM PD, 250 nM PD did not further 
stimulate osteoblast proliferation. These differ-
ences in PD concentration effects may be due to 
the type of cell being studied. Consistent with our 

Figure 6. Effects of PD on osteogenic differentiation markers. A-B, PD upregulated the expression levels of markers for os-
teogenic differentiation, including OCN, ALP, COL1A1, and Runx2, in MC3T3-E1 cells, as determined by qRT-PCR (A) and 
WB (B). C, Semi-quantitative method to determine protein levels based on densitometry, with GAPDH as a control. Data are 
expressed as mean ± SD and one-way ANOVA was used for analysis, *p < 0.05, **p < 0.01, and ***p < 0.001. 
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data, a study conducted by Di Benedetto et al24 
found that 0.1 μM (100 nM) PD consistently el-
evated the osteogenic differentiation of DBSCs, 
while 1 μM PD slightly inhibited cell viability. 
Although different cell types respond differently 
to PD, these studies confirm that PD enhances os-
teogenic differentiation.

In addition, PD employs other mechanisms to 
exert bone protective effects. Chen et al39 reported 
that PD protects BMSCs isolated from rats against 
apoptosis through anti-oxidation. PD also amelio-
rates arthritis symptoms in rats by exerting an-
ti-inflammatory and antioxidant effects28. Lastly, 
PD can be applied in the treatment of ankylosing 
spondylitis, as it induces autophagy and apoptosis 
in fibroblasts40.

To use a therapeutic agent clinically, consid-
ering its safety is crucial. Although PD has been 
used in traditional Chinese medicine for a long 
time, its toxicological effects have not been re-
ported14. Therefore, we performed H&E staining 
of kidney and liver tissues to determine whether 
PD causes damage to the liver and kidneys. We 
found that the morphologies of the liver and kid-
ney in PD-treated mice, even those treated with 
high concentrations, were not significantly differ-
ent from those in control mice, indicating that PD 
use was safe. Taken together, these findings sup-
port the clinical applications of PD. 

Conclusions

PD exhibited significant anti-osteoporotic ac-
tivity in OVX mice. We demonstrated that PD 
administration improved the trabecular micro-
structure and enhanced bone strength in OVX 
mice. Cytological and molecular mechanistic 
studies revealed that PD promoted the expres-
sion of bone formation-related markers, elevated 
the proliferation of osteoblasts, and inhibited the 
proliferation of osteoclasts. H&E staining of the 
kidney and liver tissues confirmed the safety of 
PD for in vivo applications. Although our results 
are preliminary, they lay the foundation for fur-
ther research on anti-osteoporotic drugs and their 
pharmacological effects.
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