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Hyperoside prevents osteoporosis by activating
the PI3K/AKT signaling pathway to inhibit
oxidative stress and promote osteogenesis
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Abstract. Hyperoside (Hyp), a naturally occurring flavonol
glycoside derived from Crataegus, otherwise known as
hawthorn, possesses potent antioxidant properties and
has demonstrated therapeutic potential in various oxida-
tive stress-related diseases, including osteoporosis (OP).
However, the precise molecular mechanisms underlying the
anti-osteoporotic effects of Hyp remain to be fully elucidated.
The present study aimed to evaluate the therapeutic efficacy of
Hyp against OP and to elucidate its underlying mechanisms.
An osteoporotic mouse model was established via bilateral
ovariectomy (OVX) to assess the in vivo efficacy of Hyp.
Network pharmacology was employed to predict the poten-
tial therapeutic targets of Hyp in OP. In vitro experiments
using bone marrow mesenchymal stem cells (BMSCs) were
performed to validate the findings. Techniques including
alkaline phosphatase staining, Alizarin red S staining, reverse
transcription-quantitative PCR and western blotting were used
to assess osteogenic differentiation and molecular signaling
pathways. Micro-CT analysis revealed that Hyp significantly
ameliorated OVX-induced bone loss in mice. Network
pharmacology identified the PI3K/AKT signaling pathway
as a potential key target. In vitro, Hyp significantly reduced
H,0,-induced oxidative stress in BMSCs and promoted their
osteogenic differentiation. Mechanistically, Hyp was found
to activate the PI3K/AKT signaling pathway, suggesting its
notable role in mediating the antioxidant and osteoinductive
effects of Hyp. Summarily, Hyp may effectively alleviate
OVX-induced OP in mice, potentially by mitigating oxida-
tive stress and promoting osteogenesis via activation of the
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PI3K/AKT signaling pathway. These findings provide novel
insights into the therapeutic mechanism of Hyp and support its
potential as a candidate agent for OP treatment.

Introduction

Osteoporosis (OP) is a systemic skeletal disorder characterized
by reduced bone mass and deterioration of bone microarchitec-
ture, resulting in increased bone fragility and a higher risk of
fractures. This condition markedly impairs the quality of life
of affected patients and may even lead to increased mortality
rates (1). As the global population ages at an accelerating rate,
the incidence of OP continues to increase. In China alone, the
number of individuals aged =60 years is >210 million, posing
considerable challenges for the prevention and management
of OP (2). Therefore, the development of effective therapeutic
strategies is of substantial clinical importance.

Currently, clinical treatments for OP primarily include
pharmacological therapy, exercise interventions and physical
therapies (3,4). However, each of these approaches presents
notable limitations. For example, while bisphosphonates
effectively inhibit bone resorption, long-term use has been
associated with adverse effects such as osteonecrosis of the
jaw and gastrointestinal disturbances (5). Similarly, hormone
replacement therapy may increase the risk of cardiovascular
events and breast cancer in certain patient populations (6,7).
Therefore, the development of novel and safer therapeutic
strategies remains an important focus in current OP research.

In previous years, oxidative stress has emerged as a notable
contributor to the pathogenesis of OP. Factors such as aging,
iron overload and estrogen deficiency can disrupt the balance
between oxidative and antioxidant systems in the body,
leading to excessive accumulation of reactive oxygen species
(ROS) (8,9). These elevated ROS levels cause oxidative damage
to key macromolecules including DNA, lipids and proteins,
thereby accelerating cellular apoptosis (10). In the context of
OP, oxidative stress modulates signaling pathways, cytokine
expression and protein activity in bone marrow mesenchymal
stem cells (BMSCs), osteoblasts and osteoclasts (11). Oxidative
stress impairs the osteogenic differentiation potential of
BMSCs, inhibits osteoblast mineralization, and promotes the
activation, proliferation and maturation of osteoclasts (12,13).
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This leads to a disrupted balance between bone formation and
resorption, impairs bone remodeling and ultimately acceler-
ates the progression of OP (14).

The research on natural drugs for the treatment of OP has
recently attracted widespread attention (15,16). Hyperoside
(Hyp), as a natural flavonoid compound existing in various
plants, such as Crataegus, Apocynum venetum and Hypericum
perforatum, exhibits multiple pharmacological activities.
Previous studies have demonstrated that Hyp has a protec-
tive effect on the cardiovascular and nervous systems (17,18).
However, the therapeutic effect and mechanism of Hyp on OP
remain insufficiently characterized. Therefore, the present
study aimed to explore the therapeutic effect and molecular
mechanism of Hyp on OP, providing new ideas and a theo-
retical basis for the treatment of OP through a combination of
in vivo and in vitro experiments.

Materials and methods

Reagents. Hyp (cat. no. HY-N0452) and LY294002
(cat. no. HY-10108) were purchased from MedChemExpress
with a purity of 99.5%. The RNA extraction kit
(cat. no. AG21207) was selected from Hunan Accurate
Bio-Medical Technology Co., Ltd. Primer synthesis was
completed by Sangon Biotech Co., Ltd. The Cell Counting
Kit-8 (CCK-8) (cat. no. C0037), alkaline phosphatase (ALP)
staining kit (cat. no. C3206) and Alizarin red S (ARS) staining
kit (cat. no. C0148S) were all purchased from Beyotime
Biotechnology. The primary antibodies runt-related tran-
scription factor 2 (Runx2) (cat. no. AF5186, rabbit), Osterix
(cat. no. DF7731, rabbit), B-actin (cat. no. AF7018, rabbit),
phosphorylated (p)-PI3K (cat. no. AF3242, rabbit), PI3K
(cat. no. AF6241, rabbit), AKT (cat. no. AF0832, rabbit),
p-AKT (cat. no. AF0016, rabbit), as well as the corresponding
HRP-conjugated goat anti-rabbit IgG secondary antibody
(cat. no. S0001), were all purchased from Affinity Biosciences.
Isoflurane (cat. no. R510-22-10) was purchased from Shenzhen
Ruiwode Life Science Co., Ltd.

Animal experimentation. A total of 40 female C57BL/6J mice
were purchased from the Guangdong Provincial Medical
Experimental Center [license no. SCXK(YUE)2022-0002].
Female mice (age, 8 weeks; weight, 20-25 g) were randomly
divided into control, model, low-concentration and
high-concentration groups (n=10 each) and housed in the
specific pathogen-free-grade Experimental Animal Center
of The First Affiliated Hospital of Guangzhou University
of Chinese Medicine (Guangzhou, China). The housing
conditions were as follows: 22-25°C; 40-60% humidity;
12-h light/dark cycle; ad libitum access to food/water. After
1 week of acclimation, except for the control group, bilateral
ovariectomy (OVX) was performed under isoflurane inhala-
tion anesthesia (5% for induction and 2% for maintenance via
precision vaporizer), with depth confirmed by loss of pedal
reflex. At 1-week post-surgery, the low- and high-concentration
groups were intragastrically administered 40 and 80 mg/kg
Hyp, respectively, and the control and model groups received
an equal volume of vehicle (0.9% NaCl containing <0.1%
DMSO), once daily for 8 weeks. The selected doses were
based on a previous study reporting osteoprotective effects

of Hyp in ovariectomized mice (19). Humane endpoints were
defined as >20% weight loss, inability to access food or water,
severe distress or moribund state; health and behavior were
monitored daily. Euthanasia was performed by deep anes-
thesia with 5% isoflurane followed by cervical dislocation,
with death confirmed by absence of heartbeat, respiration and
corneal reflex. The total experimental duration was 10 weeks.
No unexpected deaths occurred, and all procedures were
approved by the Animal Experiment Ethics Committee of The
First Affiliated Hospital of Guangzhou University of Chinese
Medicine (approval no. GZTCMF1-202403241).

Micro-CT scanning. The lower limbs of mice were positioned
on the scanning table of the MicroCT scanner (SkyScan 1276;
Bruker-Michrom, Inc.), with scanning parameters set to appro-
priate values, including a voltage of 50 kV, a current of 200 A
and a scanning resolution of 9 ym. The scan was subsequently
performed. After the scan was completed, specific recon-
struction algorithms in the scanning software were used
to reconstruct the two-dimensional projection images into
three-dimensional images. Subsequently, CT-analyser (CTAn)
software (version 1.17.7.2; Bruker-Michrom, Inc.) was used for
data analysis. Initially, the scan data were imported into the
CTAn software, the appropriate region of interest (ROI) was
selected, typically starting with the distal femoral growth plate,
and 150 slices were analyzed upwards of this ROI (Fig. SI).
Using the standard analysis function in CTAn, parameters
such as trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), trabecular number (Tb.N) and bone volume fraction
(BV/TV) were calculated. Based on set threshold values, the
software automatically identified bone and non-bone tissues
and generated data for the aforementioned bone structure
parameters. Finally, the analysis results were exported and
the parameters compared between different groups to further
analyze trends and variations.

Hematoxylin and eosin (H&E) and tartrate-resistant acid
phosphatase (TRAP) staining. The mouse lower limb bone
tissue samples were rinsed with PBS (Gibco; Thermo Fisher
Scientific, Inc.) and then fixed in 4% paraformaldehyde at 4°C
for 24 h. Subsequently, they were immersed in the decalci-
fication solution for 2 weeks for decalcification, followed
by rinsing with distilled water. After that, the samples were
dehydrated with successive concentrations of alcohol and
treated with xylene for permeabilization. Subsequently, the
bone tissues were embedded in paraffin, trimmed and cut into
5-pum sections. The sections were placed in a 63°C constant
temperature oven for baking for 2 h. During the H&E staining
process, the sections were first dewaxed and hydrated, then
stained with hematoxylin solution for 5 min at room tempera-
ture (22-25°C). After differentiation with hydrochloric acid
alcohol and bluing with tap water, the sections were stained
with eosin solution for 2 min at room temperature. Finally,
the sections were dehydrated with a gradient alcohol series,
permeabilized with xylene and sealed with neutral balsam.
Images were then captured using a light microscope (CX43;
Olympus Corporation).

For TR AP staining, the sections were similarly dewaxed and
rehydrated. TR AP staining was performed using a commercial
TRAP staining kit (cat. no. G1492; Beijing Solarbio Science &
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Technology Co., Ltd.) according to the manufacturer's instruc-
tions. Briefly, the sections were incubated in TRAP working
solution containing naphthol AS-BI phosphate and Fast Red
Violet LB salt in the presence of sodium tartrate at 37°C
for 1 h in the dark. After washing with distilled water, the
sections were counterstained lightly with hematoxylin, then
dehydrated, cleared in xylene and sealed with neutral balsam.
TR AP-positive osteoclasts appeared as red or purplish-red
multinucleated cells located along the trabecular bone surface.
Representative images were obtained under a light microscope,
and osteoclast number was semi-quantitatively evaluated by
counting the number of TRAP-positive cells per field under
standardized magnification.

Acquisition of Hyp action targets. The structure of Hyp was
obtained from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) and then imported into the SwissTargetPrediction
(http://www.swisstargetprediction.ch/), PharmMapper
(http://www.lilab-ecust.cn/pharmmapper/), Super-Pred
(https://insilico-cyp.charite.de/SuperCYPsPred/) and
TargetNet (http://targetnet.scbdd.com/) databases to predict its
potential protein targets. After removing duplicates and unan-
notated targets, all candidate targets were imported into the
UniProt database (https://www.uniprot.org/) using the param-
eters ‘reviewed’, ‘Homo sapiens’ and ‘gene name primary’ to
standardize the target names into official gene symbols. This
approach has been widely applied in previous network phar-
macology studies (20,21).

Prediction of OP targets and differential gene analysis. The
Gene Expression Omnibus database (https:/www.ncbi.nlm.
nih.gov/geo/) was searched using ‘osteoporosis’ as the key
word, and the species ‘Homo Sapiens’ was selected to obtain
the GSE35956 (22) gene chip dataset and the GSE80614 (23).
gene chip dataset. In R software (version 4.3.1; The R
Foundation for Statistical Computing), the parameters P<0.05
and llog (fold change) I>2 were set to screen for differential
genes and draw a volcano plot. Subsequently, searches and
screenings were conducted in the GeneCards (https:/www.
genecards.org/) and Online Mendelian Inheritance in Man
databases (https:/www.omim.org/) using the aforementioned
key word. Finally, the datasets were integrated and duplicates
were removed to obtain the disease-target dataset.

Acquisition of potential action targets of Hyp for treating OP.
To conduct an in-depth study and elucidate the interaction
mechanisms of the active ingredients of Hyp in the interven-
tion and treatment of OP, a Venn analysis was performed
between the action targets of the active ingredients of Hyp
and OP-related targets. The overlapping region represents the
potential targets of the Hyp for treating OP. Subsequently, a
Venn diagram was generated to visualize these intersecting
targets.

Construction of the protein-protein interaction (PPI) network
and screening of core targets. The intersecting targets between
the OP and the Hyp were imported into the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database
(https://string-db.org/) for PPI analysis. Briefly, the intersecting
target proteins were imported into the STRING database, the

MOLECULAR MEDICINE REPORTS 33: 57, 2026 3

organism was set to Homo sapiens, and the database query
was performed to generate the PPI network. This process was
used to construct a PPI network model, thereby facilitating
the understanding of cellular functional interactions between
protein expression profiles and enabling a deeper compre-
hension of protein functions at the cellular level. Following
retrieval, the PPI network diagram was exported and its corre-
sponding “.tsv’ format file was downloaded. The “.tsv’ file was
then imported into Cytoscape (version 3.9.1; https://cytoscape.
org/) and the topological parameters of each node in the
network were analyzed using the CytoNCA plugin. Target
importance within the network was evaluated from three
dimensions: Node connectivity, betweenness centrality and
closeness centrality. Finally, a core target screening network
was constructed to identify the core targets.

Enrichment analysis of Gene Ontology (GO) biological
functions and Kyoto Encyclopedia of Genes and Genomes
(KEGG) information transmission pathways of core targets.
The Metascape database (https://metascape.org) enables
enrichment of target genes into their associated genomes
and signaling pathways, annotates gene functions, visual-
izes enrichment analysis results and standardizes genes with
different identification codes. To further elucidate the gene
functions of the screened targets and their involvement in
signaling pathways, these targets were imported into the
Metascape database for GO functional enrichment analysis
and KEGG pathway enrichment analysis. The Metascape
database was used to visualize the enrichment analysis results.
Based on ascending P-values, the top 10 results from each GO
category and the top 20 KEGG pathways were selected and
visualized using the platform.

Cell culture. Mouse primary BMSCs
(cat. no. MIC-BIOSPECIES-s018) were purchased from
Guangzhou Xinyuan Biotechnology Co., Ltd. The cells were
cultured in a-Minimum Essential Medium (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin-streptomycin. Cultures were maintained in a humidified
incubator at 37°C with 5% CO,. The medium was refreshed
every 2 days. Once the cells reached 80-90% confluence, they
were detached using 0.25% trypsin-EDTA and passaged at a
ratio of 1:3. Cells at passages 3-6 were used for all subsequent
experiments.

CCK-8 assay. The cells were seeded into a 96-well plate
at a density of 5x103 cells/well and cultured overnight to
allow adherence. For the Hyp cytotoxicity assay, the cells
were treated with different concentrations of Hyp (0, 10, 20,
40 and 80 M) for 24 h at 37°C. For the oxidative stress model,
the cells were exposed to H,0, at concentrations of 50, 100,
200 or 400 uM for 24 h at 37°C to evaluate the dose-dependent
cytotoxicity. To assess the protective effects of Hyp, the cells
were pretreated with different concentrations of Hyp (10,
20 and 40 M) for 24 h, followed by exposure to 200 uM H,0,
for 4 h at 37°C. After each treatment, 10 ul CCK-8 solution
(Beyotime Biotechnology) was added to each well and incu-
bated for 1 h at 37°C. Finally, a microplate reader was used to
measure the absorbance at 450 nm.
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5-Ethynyl-2'-deoxyuridine (EDU) assay. An EDU incorpora-
tion assay (cat. no. C0075S; Beyotime Biotechnology) was
performed to evaluate the proliferation of BMSCs. Briefly,
BMSCs were pretreated with Hyp (20 or 40 uM) for 24 h
at 37°C, followed by exposure to H,0, (200 pM) for 4 h
at 37°C. After treatment, the cells were washed three times
with PBS. Then, BMSCs were incubated with EDU for 2 h
at 37°C. The EDU working solution was prepared by diluting
10 mM EDU stock with culture medium to a final concentra-
tion of 10 M. Following EDU incubation, the cells were fixed
with 4% paraformaldehyde for 15 min at room temperature.
Cells were then washed three times with PBS for 5 min each.
After fixation, the cells were permeabilized with 0.3% Triton
X-100 in PBS for 15 min and were subsequently washed again
with wash buffer. EDU incorporation was detected using an
EDU detection kit, and the proliferating cells were analyzed
using a fluorescence microscope.

ALP staining and ARS staining. BMSCs were seeded into
12-well plates. After cell attachment to the surface, they
were categorized into groups and subjected to the respec-
tive interventions. Osteogenic induction was initiated
using an osteogenic induction medium containing 10 nM
dexamethasone, 50 pg/ml vitamin C and 10 mM fB-sodium
glycerophosphate. The cells were divided into: i) A control
group; ii) a model group treated with 200 yuM H,0,; iii) a
low-concentration group treated with 20 M Hyp and 200 M
H,0,; and iv) a high-concentration group treated with 40 yM
Hyp and 200 uM H,0,. The culture medium was refreshed
every 3 days. ALP staining was performed on day 7. The cells
were rinsed three times with PBS, fixed with 4% parafor-
maldehyde for 30 min at room temperature, and then stained
using an ALP staining kit at 37°C for 30 min. ARS staining
was conducted on day 14. The cells were washed three times
with PBS, fixed with 4% paraformaldehyde for 30 min at room
temperature, and then stained with ARS at room temperature
for 30 min. To quantitatively evaluate the degree of mineraliza-
tion, the ARS stain was eluted with 10% w/v cetylpyridinium
chloride for 1 h, and the OD value at 570 nm was measured
using a microplate reader. All images were captured under
a light microscope (Olympus Corporation), and quantitative
analysis of mineralization intensity was performed using
Imagel] software (version 1.8.0; National Institutes of Health).

Measurement of ROS level. The present study employed
DCFH-DA to detect intracellular ROS levels. After the
aforementioned cell intervention was completed, DCFH-DA
(cat. no. S0033S; Beyotime Biotechnology) was diluted to
a final concentration of 10 yM in serum-free medium and
incubated at 37°C in the dark for 30 min. The cells were then
rinsed three times with PBS, and images were captured under
a fluorescence microscope. For flow cytometric detection of
ROS, after the incubation, the cells were gently washed once
with PBS to remove any excess fluorescent probe that had not
entered the cells. The cells were then digested with trypsin
and collected into centrifuge tubes. Following centrifugation
(300 x g, 5 min, 4°C), the supernatant was discarded and
500 ul of PBS was added to resuspend the cells. The resulting
cell suspension was transferred into flow cytometry tubes
and analyzed on a BD FACSCalibur flow cytometer (BD

Biosciences). Data were processed using FlowJo software
(version 10.8.1; BD Biosciences).

Measurement of superoxide dismutase (SOD) and malondi-
aldehyde (MDA). The BMSCs were seeded into 6-well plates.
Once the cells had adhered to the well surface, they were
subjected to intervention according to the aforementioned
grouping for a duration of 24 h. Upon completion of the inter-
vention, cell samples from each group were harvested. For the
determination of intracellular SOD level, the working solution
was prepared according to the protocol of the SOD activity
detection kit (cat. no. SO0101; Beyotime Biotechnology). After
incubation at 37°C for 30 min, the absorbance at 450 nm was
measured using a microplate reader. The SOD activity in the
cell samples of each group was then calculated based on the
standard curve. For the detection of MDA levels, the working
solution was prepared according to the instructions of the MDA
detection kit (cat. no. SO131; Beyotime Biotechnology). After
thorough mixing with the samples, the mixture was heated at
100°C for 15 min, cooled to room temperature in a water bath
and centrifuged at 1,000 x g for 10 min at room temperature.
A total of 200 ul supernatant was transferred into a 96-well
plate, and the absorbance was measured at 532 nm using a
microplate reader. The MDA content in the cell samples of
each group was then calculated based on the standard curve.

Reverse transcription-quantitative PCR (RT-qPCR). The
cell treatments were performed as aforementioned, and total
RNA was extracted from BMSCs using an RNA extraction kit
(cat. no. AG21207; Hunan Accurate Bio-Medical Technology
Co., Ltd.) according to the manufacturer's protocol. After
measuring the concentration, the RNA was reverse tran-
scribed into cDNA using the PrimeScript RT reagent kit
(cat. no. RR047A; Takara Bio, Inc.) with the following temper-
ature protocol: 37°C for 15 min, 85°C for 5 sec, and hold at
4°C. qPCR was performed using a SYBR® Green qPCR Mix
(cat. no. AG11761; Hunan Accurate Bio-Medical Technology
Co., Ltd.). Using the cDNA of each group as the template, and
after adding the buffer and primers, PCR amplification was
performed according to the following parameters described in
the instruction manual: Initial denaturation at 95°C for 30 sec,
followed by 40 cycles of denaturation at 95°C for 5 sec and
annealing/extension at 60°C for 40 sec, in accordance with the
manufacturer's instructions. With /8S rRNA as the internal
control, the relative mRNA expression levels were calculated
using the 2-22°4 method (24). The primer pair sequences for
185 rRNA, Runx2, Alp, Osterix and type I collagen (Coll) are
listed in Table I.

Western blot analysis. The BMSCs were treated as afore-
mentioned. Total proteins were extracted from BMSCs using
RIPA lysis buffer (cat. no. PO013B; Beyotime Biotechnology)
supplemented with a protease and phosphatase inhibitor cock-
tail (cat. no. P1005; Beyotime Biotechnology). Proteins were
quantified by BCA assay and 30 ug total protein was loaded
per lane. Proteins were separated by SDS-PAGE on 10% gels,
then transferred to PVDF membranes (cat. no. IPVH00010;
MilliporeSigma). After blocking with 5% skim milk in TBS
containing 0.1% Tween-20 (TBST) for 2 h at room tempera-
ture, the membranes were incubated overnight at 4°C with
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Gene Forward (5'-3") Reverse (5'-3")

18s TGGTTGCAAAGCTGAAACTTAAAG AGTCAAATTAAGCCGCAGGC
Runx2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT

Alp CCAGAAAGACACCTTGACTGTGG TCTTGTCCGTGTCGCTCACCAT
Coll CCTCAGGGTATTGCTGGACAAC CAGAAGGACCTTGTTTGCCAGG
Osterix GGCTTTTCTGCGGCAAGAGGTT CGCTGATGTTTGCTCAAGTGGTC

Alp, alkaline phosphatase; Runx2, runt-related transcription factor 2; Coll, type I collagen.

primary antibodies: Runx?2 (1:1,000), Osterix (1:1,000), PI3K
(1:1,000), p-PI3K (1:1,000), AKT (1:1,000), p-AKT (1:1,000)
and p-actin (1:5,000). Following three washes with TBST,
membranes were incubated with HRP-conjugated secondary
antibodies (1:5,000) for 1.5 h at room temperature. After
further TBST washes, protein bands were visualized using
ECL Chemiluminescence Detection Kit (cat. no. 170-5061;
Bio-Rad Laboratories, Inc.). Band densities were semi-quan-
tified using ImageJ software (version 1.8.0; National Institutes
of Health).

Immunohistochemistry. Paraffin-embedded mouse femur
sections, prepared as aforementioned for H&E and TRAP
staining, were used for immunohistochemical analysis. Briefly,
the femurs were fixed in 4% paraformaldehyde for 24 h at
room temperature, decalcified in 10% EDTA solution (pH 7.4)
for 2 weeks, dehydrated, embedded in paraffin and cut into
5-um sections. After the sections had been dewaxed, antigen
retrieval was performed. The sections were then treated with
3% H,0, to block endogenous peroxidase activity, followed
by blocking with 5% normal goat serum (cat. no. C0265;
Beyotime Biotechnology) for 30 min at room temperature.
The sections were incubated overnight at 4°C with the
following primary antibodies: p-PI3K (cat. no. AF3242;
1:200) and p-AKT (cat. no. AF0016; 1:200) (all from Affinity
Biosciences). The primary antibody was applied and incu-
bated overnight at 4°C. On the following day, after thorough
washing with PBS, the corresponding secondary antibody
(1:200; cat. no. S0001; Affinity Biosciences) was applied and
incubated at room temperature for 2 h. The sections were
subsequently developed using a DAB chromogenic agent
(cat. no. P0203; Beyotime Biotechnology), counterstained
with hematoxylin for 3 min at room temperature, dehydrated,
cleared and mounted. The staining results were observed and
analyzed under a light microscope (Olympus Corporation),
and five random non-overlapping fields per section were
selected for semi-quantitative analysis using ImageJ software
(version 1.8.0; National Institutes of Health).

Inhibitor treatment. To investigate the protective effects of
Hyp and the involvement of the PI3K/AKT signaling pathway,
BMSCs were divided into four groups: Control, model (H,0,),
Hyp and Hyp + LY294002. Cells in the control group were
cultured under standard conditions without any treatment.
Cells in the model group were exposed to 200 uM H,0, for
4 h at 37°C to induce oxidative stress. In the Hyp group, cells

were pretreated with Hyp (40 pM) for 24 h at 37°C, followed
by 200 M H,0, treatment for 4 h. To verify the role of the
PI3K/AKT signaling pathway, cells in the Hyp + LY294002
group were pretreated with the PI3K inhibitor LY294002
(10 uM; MedChemExpress) for 2 h at 37°C before Hyp inter-
vention. After pretreatment, the cells were exposed to Hyp
(40 uM) for 24 h and were subsequently treated with H,O,
(200 uM) for 4 h at 37°C. LY294002 was dissolved in DMSO,
and the final DMSO concentration in the culture medium did
not exceed 0.1% (v/v).

Statistical analysis. Statistical analyses were performed
using SPSS version 25.0 (IBM Corp.). Data are presented as
the mean + standard deviation. Each experiment was inde-
pendently repeated at least three times. Differences among
multiple groups were evaluated by one-way analysis of vari-
ance (ANOVA). When significant differences were detected by
ANOVA, Tukey's honestly significant difference post hoc test
was applied for pairwise comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

Hyp alleviates OP in mice induced by OVX. The present study
utilized micro-CT and H&E staining to comprehensively
assess structural alterations in the lower limb bones of mice.
Compared with in the control group, the model group exhibited
significant reductions in Tb.N, Tb.Th and BV/TV, alongside
a significant increase in Tb.Sp (Fig. 1A-E). These findings
validated the successful establishment of the OP model.
Following Hyp administration, these parameters significantly
improved in a dose-dependent manner, indicating that Hyp
effectively promoted trabecular bone formation, mitigated
OVX-induced bone loss and contributed to the restoration of
bone microarchitecture.

Histological evaluation by H&E staining further corrobo-
rated these observations. In the OVX group, trabeculae were
sparse and attenuated, the marrow cavity was markedly
expanded, osteocyte density was reduced and cell morphology
appeared irregular (Fig. 1F). Additionally, the number of
empty lacunae was markedly elevated. By contrast, bone
sections from Hyp-treated mice exhibited more intact and
compact trabeculae, an increased number of osteocytes with
normalized morphology and a reduction in empty lacunae.

To further investigate cellular changes, the present study
quantitatively analyzed osteoblast and osteoclast populations.
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Figure 1. Hyp alleviates ovariectomy-induced osteoporosis in mice. (A) Representative micro-CT three-dimensional reconstruction images of the mouse
femur. Quantitative analyses of (B) Tb.Sp, (C) Tb.N, (D) Tb.Th and (E) BV/TV (n=5). (F) Representative H&E staining images of femoral sections (n=5; x20
magnification). (G) Representative TRAP-stained sections showing osteoclasts (indicated by black arrows) (n=5; x40 magnification). (H) Quantification of
osteoblast number per bone surface (n=5). (I) Quantification of osteoclast number per bone surface (n=5). Data are presented as the mean + standard deviation.

“P<0.05, “P<0.01, *"P<0.001 and “"“P<0.0001. Tb.Sp, trabecular separation; Tb.N, trabecular number; Tb.Th, trabecular thickness; BV/TV, bone volume
fraction; TRAP, tartrate-resistant acid phosphatase; Hyp, hyperoside.

The number of osteoblasts per bone surface was significantly  dose-dependent manner following Hyp treatment (Fig. 1H).
decreased in the OVX model mice but was restored in a  Meanwhile, TRAP staining revealed a substantial increase
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in TRAP-positive multinucleated osteoclasts in the OVX
group, indicative of enhanced bone resorption (Fig. 1G and I).
Notably, Hyp significantly reduced osteoclast numbers per
bone surface compared with those in the OVX group. These
results underscored the dual modulatory effects of Hyp on
bone regulation, having simultaneously enhanced osteoblast
activity and inhibited osteoclastogenesis, thereby contributing
to the maintenance of bone homeostasis. Collectively, the
present findings demonstrated that Hyp not only ameliorated
microarchitectural deterioration associated with OP but
also regulated key cellular mediators of bone remodeling,
supporting its therapeutic potential in the management of OP.

Potential mechanism underlying the effects of Hyp on
the treatment of OP. A volcano plot of the GSE35956 and
GSEB80614 gene expression datasets are shown in Fig. 2A. A
total of 581 drug targets and 3,565 disease targets (Fig. 2B)
were retrieved through online databases. By conducting
an intersection analysis with a Venn diagram, 99 common
target genes were determined and subsequently designated as
potential therapeutic targets for further in-depth investigation
(Fig. 2B). Subsequently, the STRING database was used to
explore the potential associations among these 99 common
genes. Subsequently, the analysis outcomes were imported
into the Cytoscape software to generate a PPI network for
Hyp in OP (Fig. 2C and D). In the degree value analysis of
the PPI network, it was ascertained that the top 10 genes,
namely Src, Hsp90aal, Aktl, Egfr, Tnf, Pik3ca, Bcl2, Grb2,
Jak2 and Erbb2, were highly likely to assume a central role in
the therapeutic process of Hyp for OP. Further GO molecular
function analysis divulged that the top 5 functions of Hyp
encompassed ‘second-messenger-mediated signaling’, main-
tenance of ‘cellular calcium ion homeostasis’, regulation of
‘calcium ion homeostasis’, ‘response to molecule of bacterial
origin’ and ‘regulation of cytosolic calcium ion concentration’
(Fig. 2F). This implied that Hyp may have influenced intracel-
lular signal transduction and ionic equilibrium by regulating
these molecular functions, thereby exerting a beneficial effect
on OP. Simultaneously, the KEGG enrichment analysis results
demonstrated that pathways such as ‘Prostate cancer’, ‘EGFR
tyrosine kinase inhibitor resistance’, ‘PI3K-Akt signaling
pathway’, ‘Neuroactive ligand-receptor interaction’ and
‘Human cytomegalovirus infection’ held significant implica-
tions in the treatment of OP with Hyp (Fig. 2E).

Effect of Hyp on the viability of BMSCs. The chemical
structure of Hyp is shown in Fig. 3A. The CCK-8 assay
demonstrated that Hyp concentrations <40 yM did not exhibit
significant cytotoxicity on BMSCs, with 20 and 40 uM
selected for subsequent experiments (Fig. 3B). H,O, at concen-
trations >100 yM significantly inhibited BMSC proliferation,
and 200 yM H,0, was chosen for inducing oxidative stress
in BMSCs (Fig. 3C). Notably, Hyp effectively alleviated the
inhibitory effect of H,O, on BMSC proliferation (Fig. 3D).
Further analysis using EDU labeling supported these findings.
H,0, treatment resulted in a reduced number of proliferating
cells, as indicated by lower EDU incorporation (Fig. 3E). By
contrast, Hyp treatment notably increased EDU-positive cells,
suggesting its potential to promote BMSC proliferation under
oxidative stress.
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Hyp is capable of alleviating the oxidative stress induced
by H,0,. The DCFH-DA staining outcomes manifested that
upon the administration of H,0O,, a conspicuous augmenta-
tion in fluorescence intensity was observed, signifying a
pronounced elevation in the ROS levels within the cells
(Fig. 4A and C). By contrast, when Hyp was introduced, a
reduction in the fluorescence intensity of BMSCs ensued,
implying a reduced ROS level. This was further corrobo-
rated by flow cytometry, wherein the average ROS levels
were significantly elevated post-H,O, treatment and subse-
quently decreased after Hyp treatment (Fig. 4B and D).
Furthermore, the results of MDA detection assays indi-
cated that H,O, intervention led to a significant upsurge in
MDA levels, whereas Hyp treatment effectively mitigated
these levels (Fig. 4E). Similarly, the SOD detection assays
revealed that H,O, treatment induced a significant decline in
SOD levels, which were significantly augmented following
Hyp treatment (Fig. 4F). In summary, these comprehensive
findings demonstrated that Hyp possessed the capacity to
alleviate H,0,-induced oxidative stress levels in BMSCs.
This not only holds promise for safeguarding cells against
oxidative damage but also for maintaining cellular homeo-
stasis, potentially providing new options for therapeutic
interventions aimed at combating oxidative stress-related
cellular dysfunctions.

Hyp protects the osteogenic differentiation ability of BMSCs.
In the present study, the effect of Hyp on the osteogenic
differentiation ability of BMSCs was investigated under
oxidative stress conditions. The results of ALP and ARS
staining assays demonstrated that the osteogenic differen-
tiation capacity of BMSCs was significantly reduced after
H,0, intervention (Fig. SA-D). However, treatment with
Hyp significantly enhanced the osteogenic differentiation
of BMSCs, as evidenced by the increased ALP activity and
the greater number of calcium nodules detected by ARS
staining. Furthermore, RT-qPCR analysis revealed that the
expression levels of Coll, Osterix, Runx2 and Alp were
significantly decreased upon H,O, exposure (Fig. SE-H).
By contrast, Hyp treatment led to a significant upregula-
tion of these genes, indicating its positive regulatory role in
osteogenic gene expression. Consistent with the RT-qPCR
results, the results of western blot analysis also showed that
Hyp treatment significantly increased the protein expression
levels of Osterix and Runx2 (Fig. 5I-K). Collectively, these
results provided compelling evidence that Hyp effectively
protected the osteogenic differentiation ability of BMSCs
under oxidative stress conditions, suggesting its potential
therapeutic application in bone-related disorders associated
with oxidative stress.

Hyp initiates activation of the PI3K/AKT signaling pathway.
Western blot analysis of BMSCs revealed that H,O, inter-
vention led to a significant decline in the phosphorylation
levels of both PI3K and AKT. By contrast, Hyp treatment
effectively reversed this downward trend and promoted the
activation of PI3K and AKT phosphorylation (Fig. 6A-C).
This was further supported by immunohistochemical
analysis of mouse femoral tissues, which indicated that the
expression levels of p-PI3K and p-AKT were significantly
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Figure 2. Potential mechanism of Hyperoside for the treatment of OP. (A) Volcano plots of the GSE35956 and GSE80614 gene chip datasets. (B) Venn
diagram of disease and drug targets. (C) Protein-protein interaction network constructed using the STRING database of Hyperoside in the treatment of OP.
(D) Visualization and analysis of the PPI network performed using Cytoscape software. (E) Bubble chart of Kyoto Encyclopedia of Genes and Genomes
enrichment analysis. (F) GO enrichment analysis. All displayed GO terms met the significance threshold of adjusted P<0.05. OP, osteoporosis; GO, Gene
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reduced in the model group compared with those in the
control group (Fig. 6D-F). However, following Hyp inter-
vention, a significant increase in the expression of p-PI3K
and p-AKT was observed.

Inhibition of the PI3K/AKT pathway attenuates the antioxi-
dative and osteogenic effects of Hyp. To investigate the role
of the PI3K/AKT signaling pathway in the antioxidative and
osteogenic effects of Hyp, a series of in vitro experiments
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were conducted using LY294002, a specific inhibitor of the
PI3K/AKT pathway. LY294002 is a synthetic flavonoid deriva-
tive that acts as a reversible, ATP-competitive inhibitor of
PI3Ks, thereby blocking the phosphorylation and subsequent
activation of AKT and downstream signaling molecules.
DCFH-DA fluorescence staining revealed that Hyp treat-
ment significantly reduced H,0O,-induced intracellular ROS
levels, as evidenced by decreased green fluorescence inten-
sity (Fig. 7A and B). However, co-treatment with LY294002
partially yet significantly restored the fluorescence signal and
elevated ROS levels, suggesting that the antioxidative capacity
of Hyp was impaired when the PI3K/AKT pathway was inhib-
ited. Regarding osteogenic differentiation, ALP staining and
enzyme activity assays demonstrated that Hyp significantly
increased ALP activity, indicating the promotion of early
osteogenesis (Fig. 7C and D). By contrast, the ALP activity
and staining intensity were significantly reduced in the Hyp +
LY294002 group, approaching the levels observed in the H,0,
group. These findings suggested that the PI3K/AKT pathway
was involved in Hyp-induced early osteogenic differentiation.
Furthermore, ARS staining showed a substantial increase in
mineralized nodule formation in the Hyp-treated group, with

quantitative analysis supporting elevated calcium deposition
(Fig. 7E and F). However, in the Hyp + LY294002 group, both
the ARS-stained area and calcium content were markedly
decreased, indicating compromised osteogenic mineralization.

Western blot analysis corroborated these findings.
Compared with in the model group, Hyp treatment significantly
upregulated the expression levels of p-PI3K and p-AKT, as well
as the key osteogenic transcription factors Runx2 and Osterix
(Fig. 7G-K). By contrast, co-treatment with LY294002 resulted
in a significant downregulation of these proteins, demon-
strating that LY294002 partially reversed the effects of Hyp on
PI3K/AKT signaling and its downstream targets. Collectively,
these results indicated that Hyp exerted its antioxidative and
pro-osteogenic effects by activating the PI3K/AKT signaling
pathway and that inhibition of this pathway significantly
attenuated its biological functions, highlighting the notable role
of PI3K/AKT signaling in mediating the effects of Hyp.

Discussion

Oxidative stress has been acknowledged to serve an impor-
tant role in the pathogenesis of OP, a view that has become
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accepted in the current research field (11). With increases in
age, alterations in hormonal levels and the influence of other
pathological factors, the redox balance within the body is
disrupted, leading to the excessive generation of oxidative
stress products such as ROS (10,25) ROS can target intra-
cellular biomacromolecules, resulting in lipid peroxidation,
protein oxidative modification and DNA damage, thereby
impairing the normal function and viability of cells (26). In
the skeletal system, oxidative stress can markedly enhance
the activity and number of osteoclasts, thereby promoting
the bone resorption process. Concurrently, it inhibits the
proliferation, differentiation and mineralization capacity
of osteoblasts, ultimately reducing bone formation. This
disruption in the balance of bone remodeling leads to bone
mass loss, and the occurrence and development of OP (27).
A large number of in vivo and in vitro studies have provided
conclusive evidence for this, prompting researchers to
continuously explore effective antioxidant strategies to
combat OP (28,29).

Hyp is a natural flavanol glycoside compound that has been
shown to possess notable antioxidant and anti-inflammatory
activities (30,31). A study conducted by Chen et al (19) demon-
strated that Hyp can prevent oxidative stress-induced liver
injury in rats. Additionally, Wu et al (32) revealed that Hyp
can treat acute kidney injury by regulating oxidative stress and

cell apoptosis. These findings collectively support the potent
antioxidant therapeutic effects of Hyp.

The present study found that Hyp exhibits a notable ability
to alleviate oxidative stress. The results of DCFH-DA staining
to measure the intracellular ROS levels showed that the fluo-
rescence intensity of the cells was significantly reduced after
Hyp treatment, indicating that Hyp effectively decreased intra-
cellular ROS generation. Meanwhile, the detection of MDA
content showed that Hyp reduced the MDA levels, and the
detection of SOD activity indicated that Hyp enhanced SOD
activity. This further supported the role of Hyp in alleviating
oxidative stress from the perspectives of lipid peroxidation
levels and the antioxidant enzyme system. This ability to
reduce oxidative stress is of notable importance for protecting
cells from oxidative damage, especially for cell types such
as BMSCs that have a key role in bone metabolism, thereby
providing a favorable microenvironment for maintaining their
normal osteogenic differentiation ability.

Oxidative stress refers to a state in which the body, when
exposed to various harmful stimuli, produces an excessive
amount of highly reactive molecules such as ROS and reactive
nitrogen species, leading to an imbalance between the oxida-
tive system and the antioxidant system, and ultimately causing
damage to cells and tissues (33,34). Excessive oxidative
stress can cause a notable accumulation of ROS within cells,
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inflicting damage on cellular DNA. DNA damage may trigger
cell cycle arrest, thereby preventing osteoblast precursor cells
from undergoing normal mitosis and differentiation. Severe
DNA damage can also lead to cell apoptosis, reducing the
number of osteoblasts and thus inhibiting osteogenic differen-
tiation (35).Therefore, enhancing the antioxidant capacity and
osteogenic differentiation ability of BMSCs is an important
research direction for the treatment of OP.

The results of the present study indicated that Hyp not only
reduced oxidative stress but also had a significant protective
effect on the osteogenic differentiation ability of BMSCs. In
the ALP and ARS staining experiments, the ALP activity of the
Hyp-treated group was significantly enhanced, and the ARS
staining showed a significant increase in the number of calcium
nodules, which are important markers of enhanced osteogenic
differentiation. At the molecular level, RT-qPCR and western

blot analysis revealed that Hyp upregulated the expression of
osteogenic-related genes and proteins, such as Coll, Osterix,
Runx2 and Alp. This series of results clearly demonstrated the
positive role of Hyp in protecting and promoting the osteo-
genic differentiation of BMSCs. The mechanism of action of
Hyp may have involved reducing the interference of oxidative
stress on intracellular signal pathways, thus maintaining the
normal transduction of osteogenic differentiation-related
signals, enabling BMSCs to differentiate into osteoblasts in a
relatively stable environment and providing a strong cellular
basis for bone formation.

The PI3K/AKT signaling pathway, an important intra-
cellular signal transduction pathway, serves a central role in
the regulation of oxidative stress and OP, a concept that is
widely accepted in current research (29,36). The activation
of the PI3K/AKT signaling pathway can alleviate oxidative
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Figure 6. Hyp initiates activation of the PI3K/AKT signaling pathway. (A) Representative western blotting images, and semi-quantification of the protein
expression levels of (B) p-PI3K/PI3K and (C) p-AKT/AKT (n=3). (D) Representative immunohistochemistry images of p-PI3K and p-AKT expression in
femoral sections. Semi-quantification of (E) p-PI3K- and (F) p-AKT-positive cells observed in (D) (n=5; x20 magnification). Data are presented as the
mean = standard deviation. "P<0.05, “P<0.01, “"P<0.001 and “"*P<0.0001. Hyp, Hyperoside; p-, phosphorylated.

stress through various mechanisms, including upregulating
the expression of antioxidant enzyme genes, enhancing the
synthesis of intracellular antioxidant substances and inhib-
iting the activity of enzymes related to ROS production,
thus maintaining the intracellular redox balance (37,38). In
terms of bone metabolism, the activation of the PI3K/AKT
signaling pathway can promote the proliferation, differ-
entiation and survival of osteoblasts, while inhibiting
osteoclast activity, thus preserving the normal process of
bone remodeling and regulating OP (39,40). For instance,
Wu et al (41) demonstrated that 7,8-dihydroxyflavone can
inhibit oxidative stress and promote bone formation by acti-
vating the tyrosine kinase receptor B/PI3K/AKT pathway.
This pathway enhances the viability and osteogenic differ-
entiation ability of BMSCs inhibited by H,0,-induced
oxidative stress, thereby improving OP (28). Several other
natural compounds, such as luteolin and curcumin, have

also been reported to regulate bone metabolism through
the PI3K/AKT pathway (42,43). While luteolin similarly
promotes osteoblast differentiation via the PI3K/AKT
signaling pathway, evidence regarding its role in redox
regulation remains limited (29). Curcumin has been shown
to promote osteogenic differentiation in association with
PI3K/AKT and nuclear factor erythroid 2-related factor 2
(Nrf2) activation, suggesting a role in both bone formation
and antioxidative responses (43).

By contrast, the present study showed that Hyp
exerted both antioxidative and osteogenic effects in a
PI3K/AKT-dependent manner, highlighting its dual-function
specificity and potential novelty. In the present study, Hyp
significantly activated the PI3K/AKT signaling pathway.
Western blot analysis revealed that Hyp treatment partially
reversed the H,0,-induced reduction in p-PI3K and p-AKT
levels, and immunohistochemical staining further supported
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the upregulation of p-PI3K and p-AKT expression following
Hyp administration. These results suggested that Hyp exerted
both antioxidative and osteogenic effects at least in part
through PI3K/AKT pathway activation.

To validate the specificity of this signaling axis, the present
study employed LY294002, a classical PI3K inhibitor, and
showed that co-treatment with LY294002 significantly attenu-
ated the beneficial effects of Hyp. Specifically, the reduction
of ROS levels by Hyp, as evidenced by DCFH-DA staining,

was partially reversed by LY294002, indicating a decline in
the antioxidative efficacy of Hyp. Similarly, ALP staining,
ALP activity and ARS staining demonstrated that LY294002
co-treatment inhibited Hyp-induced early- and late-stage
osteogenesis. Western blot analysis further supported that
LY294002 significantly suppressed the Hyp-induced upregu-
lation of p-PI3K, p-AKT and key osteogenic transcription
factors, such as Runx?2 and Osterix. These findings collectively
suggested that the PI3K/AKT pathway was not only activated
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by Hyp but was also important for its antioxidative and osteo-
genic actions. The use of LY294002 as a pathway-specific
inhibitor provided robust mechanistic evidence supporting the
notable role of PI3K/AKT in mediating the therapeutic effects
of Hyp. These results align with prior studies highlighting the
importance of this pathway in OP treatment and offer a more
comprehensive mechanistic understanding of the pharmaco-
logical profile of Hyp (44.,45).

In summary, the results of the present study indicated
that Hyp holds notable promise in the treatment of OP and
suggested that its mechanism of action was multifaceted. The
results indicated that Hyp promoted bone homeostasis through
multiple mechanisms, including mitigating oxidative stress,
preserving osteogenic differentiation capacity and activating
the PI3K/AKT signaling pathway. These findings provide a
solid theoretical basis for further development of Hyp-based
therapeutic strategies for OP.

However, the present study also had certain limitations.
Firstly, the present study was mainly based on cell and
animal experimental models. Although these models can
provide important information regarding the mechanism
of Hyp action, the physiological environment and disease
state of the human body are notably complex. The efficacy,
safety and pharmacokinetic characteristics of Hyp in humans
remain to be verified through further clinical studies.
Secondly, although the present study has preliminarily
revealed the association between Hyp and the PI3K/AKT
signaling pathway, the upstream and downstream molecular
regulatory networks of this pathway, as well as its potential
crosstalk with other signaling pathways, remain insufficiently
elucidated. Notably, it remains to be fully elucidated whether
Hyp directly regulates other redox-sensitive pathways such
as the ROS/Kelch-like ECH-associated protein 1/Nrf2 axis,
which serves a central role in maintaining intracellular
oxidative balance in bone-related cells. Therefore, further
in-depth studies using targeted molecular approaches, such
as pathway-specific inhibitors, activators or genetic knock-
down models, are necessary to comprehensively uncover
the mechanistic landscape of the biological activity of Hyp.
Thirdly, the present study did not evaluate serum calcium
and estrogen levels. Direct biochemical measurements would
provide stronger support for the pathophysiological relevance
and treatment efficacy of Hyp. Future investigations should
incorporate these assessments to strengthen the comprehen-
siveness and translational relevance of findings.
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