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Qiang-gu-jian-shen formula osteoporosis
treatment
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'Department of Clinical Medicine, Faculty of Medicine, Lincoln University College, Petaling Jaya,
Selangor, Malaysia

2Department of Orthopaedic Surgery, The Second Affiliated Hospital of Nanyang Medical College,
Nanyang, Henan, China

Abstract

Osteoporosis (OP)isasystemicskeletal disease characterized by reduced bonemassand
deteriorated bone microstructure, significantly increasing fracture risk. As global aging
intensifies, OP has become a significant public health issue. Present pharmacological
interventions, such as bisphosphonates and selective estrogen receptor modulators,
are associated with side effects and limitations, highlighting the need for safe and
effective alternatives. This study investigates the potential mechanisms of the Qiang-
gu-jian-shen formula (QGJSF), a traditional Chinese medicine (TCM) compound,
in treating OP using network pharmacology and bioinformatics. A total of 1,395
potential targets for QGJSF were identified by querying the TCMSP and BATMAN-TCM
databases and converting targets through UniProt. Cross-referencing with OP-related
targets from GeneCards, OMIM, and DisGeNET yielded 500 mapped targets. Protein-
protein interaction network constructed through the STRING database led to the
identification of 69 core targets. An“herb-active component-target” network was built
using Cytoscape 3.9.0. Gene ontology functional annotation and Kyoto Encyclopedia
of Genes and Genomes pathway enrichment analyses highlighted key pathways,
including the PI3K/AKT and FoxO. Molecular docking showed that key components,
such as quercetin, dioscin, genistein, calycosin, and berberine, bind favorably to core
targets (binding energies < —5 kcal/mol). GEO dataset (GSE5958) analysis identified
seven common core genes, including TGFB1, MMP2, BCL2L1, MAPK3, AKT1, CTNNBI1,
and TP53. The findings suggest that QGJSF may improve OP through multiple
components that regulate osteoblast differentiation, osteoclastogenesis, and activate
key pathways, such as Wnt/B-catenin, PI3K/AKT, and JAK/STAT, thereby enhancing
bone formation and reducing resorption. Core targets such as ESR1, STAT3, AKT1, and
TP53 regulate bone metabolism by modulating osteoblasts, osteoclasts, and their
interactions with immune and hematopoietic cells to maintain bone remodeling. This
study advances understanding of QGJSF’s mechanisms and provides a foundation
for novel OP therapies. Future validation and exploration of additional therapeutic
targets and mechanisms are needed.

Keywords: Qiang-gu-jian-shen formula; Osteoporosis; Network pharmacology;
Mechanisms
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1. Introduction

Osteoporosis (OP) is a systemic skeletal disease
characterized by reduced bone mass and degeneration of
bone microstructure, which significantly increases the risk
of fractures and severely affects patients’ quality of life and
life expectancy. With the acceleration of global population
aging, OP hasbecome an important public health challenge.
According to data from the International OP Foundation,
over 200 million people worldwide were affected by
OP as of 2020, with an OP-induced fracture occurring
approximately every 3 s. Since 1990, the global incidence
of hip fracture has steadily increased, with projections
estimating a 240% rise among women and a 310% increase
among men by 2050. Furthermore, approximately 50%
of individuals who experience osteoporotic fractures are
likely to suffer a subsequent fracture."?

Clearly, as the degree of global population aging deepens
further, the incidence of OP has risen to become the third
most common chronic disease following cardiovascular
diseases and diabetes, becoming one of the ten important
chronic diseases threatening human health. Traditional
treatment methods mainly rely on pharmacological
interventions, such as bisphosphonates and selective
estrogen receptor modulators. However, these treatments
come with certain side effects and limitations, including
gastrointestinal discomfort and kidney damage, especially
with prolonged use.’ Therefore, the exploration of safe and
effective alternative therapies is essential.

In recent years, traditional Chinese medicine (TCM)
formulas have received considerable attention for their
application in preventing and treating OP. Due to their
multi-target and multi-level mechanisms of action, TCM has
shown unique advantages in improving bone metabolism
and enhancing bone density.! The Qiang-gu-jian-shen
formula (QGJSF) is composed of six medicinal herbs,
including Cortex Eucommiae (DuZhong, DZ), Fructus Lycii
(Gou Qi, GQ), Radix Achyranthis Bidentatae (Niu Xi, NX),
Radix Astragali (Huang Qi, HQ), Chuanxiong Rhizoma
(Chuanxiong, CX) and Rehmanniae Radix Praeparata (Shu
Di Huang, SDH), has demonstrated significant efficacy in
clinical treatments for OP. Based on TCM principles that
“the kidneys govern the bones” and “the liver and kidneys
share a common origin,” QGJSF aims to replenish kidneys
and essence, promote blood circulation, resolve stasis, and
strengthen muscles and bones. Although its clinical success,
the specific mechanisms of action underlying QGJSF have
not been fully elucidated.

In recent years, the development of systems biology
has brought new perspectives for studying complex
diseases by enabling the integration of multi-omics data to
facilitate a deeper understanding of disease mechanisms.

In the field of TCM research, network pharmacology has
emerged as a novel methodology. By merging techniques
from systems biology, bioinformatics, and computational
chemistry, network pharmacology allows for a holistic
elucidation of the mechanisms of action of TCM formulas.
Previous studies utilizing network pharmacology have
made progress in deciphering the mechanisms of TCM
compound formulas. However, limitations remain, such as
limited depth in target-disease association analyses and a
lack of comprehensive analysis across multiple databases.>”

This study employs integrated network pharmacology
and bioinformatics approach to systematically investigate
the multidimensional therapeutic mechanism of the
QGJSF against OP. The active components in QGJSF and
their potential targets were identified using the TCMSP
and BATMAN-TCM databases, while OP-related targets
were retrieved from GeneCards, OMIM, and DisGeNET
databases. A compound-disease target interaction network
was constructed using the bioinformatics platform,
followed by a protein-protein interaction (PPI) network
through the STRING database. Core therapeutic targets
were identified through topological analysis through
Cytoscape. Functional annotation through the DAVID
database facilitated comprehensive gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses, elucidating key biological
processes (BP) and signaling pathways involved in the
anti-osteoporotic effects of QGJSE. Molecular docking
using AutoDock tools validated binding affinities
between bioactive components and core targets, while
GEO database-derived clinical data verification and gene
set enrichment analysis (GSEA) further deciphered the
regulatory networks of pivotal genes. Overall, this study
offers scientific evidence supporting the multi-component,
multi-target, multi-pathway mechanisms underlying
QGJSF’s therapeutic efficacy against OP and establishes
an innovative methodological framework for modernizing
TCM formulations through systems biology approaches.

2. Materials and methods
2.1. Screening for targets related to QGJSF

Targets associated with QGJSF were identified through
searches using the TCMSP (https://old.tcmsp-e.com/
disease.php?qd=421) and BATMAN-TCM (http://bionet.
ncpsb.org/batman-tcm/) databases. The identified targets
were converted using the UniProt database, and duplicate
entries were removed. For TCMSP data, targets were
screened using criteria of oral bioavailability >30% and
drug-likeness >0.18. In the BATMAN-TCM database,
screening was based on a score cutoff of 0.84, an adjusted
p-value (Benjamin-Hochberg correction) <0.05, and
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druggable score 20.1. Targets obtained from both databases
were combined, and duplicate entries were removed to
ultimately acquire the potential targets of the QGJSE

2.2. Acquisition of OP Targets

Disease targets related to OP were retrieved by searching
the GeneCards (https://www.genecards.org/), OMIM
(https://omim.org/), and DisGeNET (https://disgenet.
com/) databases using “osteoporosis” as the search term.

2.3. Construction of PPl network for key targets of
QGJSF in treating OP

Targets related to the treatment of OP by QGJSF were
uploaded to the online platform Wei Sheng Xin website
(https://www.bioinformatics.com.cn/). Using the
interactive Venn diagram tool, the intersection between
QG]JSF-associated targets and OP-related molecules was
identified, which represents the potential targets of QGJSF
for OP. These potential targets were then submitted to the
STRING database (Version: 11.0, https://string-db.org/)
for PPI analysis, with the species limited to Homo sapiens
and the confidence score threshold set to the highest level
(0.900), excluding isolated nodes.

2.4. Screening for core targets

The mapped targets obtained from the screening process
were imported into the STRING database (https://
cn.string-db.org/) to acquire the TSV file of the PPI
network. This file was then imported into Cytoscape 3.9.0
software, and network analysis was performed using the
Centiscape 2.2 plugin. The significance of each potential
target was evaluated across three centrality measures:
Degree, betweenness, and closeness. The intersection of
the top-ranking targets was identified as the core targets,
which were subsequently visualized for further analysis.

2.5. Construction of the “Drug-Target-Disease” network

The core targets associated with the treatment of OP by
QGJSF were organized and imported into Cytoscape 3.9.0
to construct a “TCM-Active Component-Target” network,
which was subsequently visualized for further analysis.

2.6. GO Function and KEGG Pathway Enrichment
Analysis of Core Targets

GO functional annotation and KEGG pathway enrichment
analysis were performed on the core targets through the
DAVID database (Version: 6.8, https://david.ncifcrf.gov/),
with both species and background set to Homo sapiens.
The top 20 primary BP and non-disease, non-cancer-
related signaling pathways with pharmacological relevance
(p<0.05) were selected to explore the potential mechanisms
by which QGJSF may treat OP.

2.7. Molecular docking

Molecular docking was used to evaluate the binding affinity
between active ingredients and their target proteins. The
3D structures of key active components from the QGJSF
were downloaded from the PubChem database, and the 3D
structures of core target proteins were obtained from the
Protein Data Bank (PDB) (https://www.rcsb.org/). Protein
receptors were pre-processed using PyMOL software to
remove water molecules and ligands. Subsequently, the
key components and target proteins were imported into
AutoDockTools 1.5.7 for hydrogen atom addition and
active site determination. The docking binding energy was
then calculated. A binding energy of <0 kcal/mol indicates
that the receptor and ligand can bind spontaneously, while
a binding energy <—5 kcal/mol suggests favorable binding
activity.

2.8. GEO database validation

The “limma” R package was used to analyze the differential
gene expression in the OP dataset GSE5958 from the GEO
database  (https://www.ncbi.nlm.nih.gov/geo/).  Genes
meeting the criteria of |logFC| >1 and an adjusted p<0.05
were considered significance differentially expressed.
Volcano plots and heatmaps were generated using the
“ggplot2” and “pheatmap” R packages, respectively. A Venn
diagram was utilized to identify common targets between
the potential targets of Strychni Semen and the GSE5958
dataset. The expression of core genes was visualized and
validated using dataset GSE35958 with the “ggpubr”
package. Subsequently, receiver operating characteristic
(ROC) curves were constructed using the “pROC” package
to evaluate the predictive performance of marker genes.

2.9. GSEA

In this study, single-gene GSEA analysis was conducted
using the “gseaplot2” package to investigate the potential
functional role of the identified hub gene.

3. Results
3.1. Screening of targets related to QGJSF

The targets related to the QGJSF were retrieved from
TCMSP and BATMAN-TCM databases. The identified
targets were converted using the UniProt database, and
duplicate entries were removed, resulting in a total of 1,395
potential targets for the QGJSE

3.2. Acquisition of OP-related targets and common
targets between drug and disease

A total of 2,784 OP-related targets were obtained from
the GeneCards, OMIM, and DisGeNET databases. By
intersecting the predicted targets of the QGJSF with
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OP-related disease targets, a total of 500 mapped targets
were identified, as shown in Figure 1.

3.3. Construction and analysis of the PPl network

A target PPI network was constructed using the STRING
database with the association score (combined_score)
threshold set at 0.9, and isolated nodes were excluded.
In this network, nodes represent target proteins, while
edges indicate associations between them. As shown in
Figure 2, the PPI network contains 487 interconnected
nodes and 1,896 edges, with an average node degree of
7.79 and an average local clustering coefficient of 0.421.
The expected number of edges was 610, and the p-value for
PPI enrichment was <1.0e - 16.

3.4. Topological analysis of the PPl network and
selection of core targets

Topological parameters of the network, including
betweenness centrality, closeness centrality, and degree
centrality, were calculated for each node using the
CentiScape 2.2 plugin. Based on these metrics, 33 core
targets were selected and subsequently visualized, as
shown in Figure 3.

3.5. Construction of “herb-active component-target”
network

The key targets of QGJSF for the treatment of OP were
organized and imported into Cytoscape 3.9.0 to construct
an “herb-active component-target” network. The results
were visually processed, as detailed in Figure 4. Based on
degree values, the top 10 components were selected as
the core active components in the treatment of OP using
QGJSE Combining these findings with relevant literature,
five key active components were identified and are listed
in Table 1.

3.6. GO function and KEGG pathway enrichment
analysis

The target genes identified from the potent bone-
strengthening and kidney-nourishing formula for OP
treatment were imported into the DAVID database for
enrichment analysis, with a screening threshold set at
p<0.01. The results were selected in ascending order
by p-value, where a smaller p-value indicates a higher
degree of enrichment. GO function enrichment analysis
categorized the gene functions into three main categories,
including BP, cellular component (CC), and molecular
function (MF). A total of 2,073 GO terms were identified,
including 1,637 BP entries, 149 CC entries, and 287 MF
entries. The top 10 terms from each category were selected
and visualized in GO analysis charts using MicroSignal
(Figure 5A).

Osteoporosis

Size of each list

Osteoporosis QGJSF
Number of elements: specific (1) or shared by 2, 3, ... lists

B

2 1

Figure 1. Acquisition of OP-related targets and common targets between
drug and disease
Abbreviations: OP: Osteoporosis; QGJSF: Qiang-gu-jian-shen formula.

Figure 2. Potential target PPI network diagram
Abbreviation: PPI: Protein-protein interaction.

The results indicate that BP mainly involves positive
regulation of gene expression, positive regulation of

Volume 9 Issue 2 (2025)

doi: 10.36922/EJM0025150103


https://dx.doi.org/10.36922/EJMO025150103

Eurasian Journal of
Medicine and Oncology

QGJSF multi-target mechanisms in osteoporosis

CEBPA_FGF2 NR3C1 H

PCNA

TGS2

BCL2L1

CYP19A1
HSPA5

Figure 3. Core target network diagram involved in the treatment of OP using QGJSF
Abbreviations: OP: Osteoporosis; QGJSF: Qiang-gu-jian-shen formula.

RNA polymerase II transcription, positive regulation of
DNA-templated transcription, response to exogenous
stimulus, positive regulation of cell population proliferation,
negative regulation of apoptotic processes, response to
lipopolysaccharide, inflammatory response, response
to hypoxia, and negative regulation of cell population
proliferation. The CCis primarily associated with extracellular
space, extracellular region, extracellular vesicle (exosome), cell
surface, protein complex-containing structures, endoplasmic
reticulum lumen, collagen-containing extracellular matrix,
receptor complexes, plasma membrane side, and plasma
membrane (cell membrane). The MF mainly concerns
binding to identical proteins, enzyme binding, protein
binding, nuclear receptor activity, signal receptor binding,
DNA-binding transcription factor activity, cytokine activity,
protein homodimerization activity, and RNA polymerase
IT-specific DNA-binding transcriptional activator activity.

KEGG pathway enrichment analysis predicts the role
of protein target interaction networks in various cellular

activities and identifies key protein targets and their
respective pathways. A total of 133 primary pathways were
collected in the KEGG enrichment analysis. After excluding
disease-named and cancer-related signaling pathways,
the top 20 pathways were visualized using MicroSignal
(Figure 5B). The enriched pathways are mainly involved
in the PI3K/AKT signaling pathway, FoxO signaling
pathway, HIF-1 signaling pathway, cellular senescence,
osteoclast differentiation, TNF signaling pathway, Th17
cell differentiation, IL-17 signaling pathway, prolactin
signaling pathway, and apoptosis signaling pathway.

3.7. Molecular docking

To investigate the interactions between the main active
components of the potent bone-strengthening and
kidney-nourishing formula and their corresponding core
targets, molecular docking analysis was conducted using
the AutoDock platform. The molecular structures of the
compounds were downloaded from the PubChem database,
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SD25 SD12

Figure 4. “Herb-active component-target” network diagram
Abbreviations: HQ: Huang Qi; DZ: Du Zhong; GQ: Gou Qi; NX: Niu Xi; SD: Shu Di; CX: Chuan Xiong.

and the 3D structures of the target proteins were obtained
from the PDB. Protein receptors were pre-processed using
PyMOL software to remove water molecules and existing
ligands. Subsequently, the key components and target
proteins were imported into AutoDockTools1.5.7 for
hydrogen atom addition, active site, determination, and
binding energy calculation.

In molecular docking analysis, a binding energy
<0 kcal/mol indicates that the ligand can bind to the
receptor spontaneously, without requiring external energy.
A binding energy <-5 kcal/mol suggests that the binding
activity is favorable, indicating a strong affinity between
the receptor and ligand (Figure 6).

Table 1. Key active components of the QGJSF

MolID Chemical Degree Belonging to TCMs
composition value

MOL000098 Quercetin 43 Cortex Eucommiae, Fructus
Lycii, Radix Achyranthis
Bidentatae, Radix Astragali

MOL002441 Dioscin 31  Radix Achyranthis Bidentatae

MOL000481  Genistein 28  Cortex Eucommiae

MOL000417  Calycosin 24  Radix Astragali

MOL001454 Berberine 24  Radix Achyranthis Bidentatae,

Cortex Eucommiae

Abbreviations: QGJSF: Qiang-gu-jian-shen formula; TCMs: Traditional
Chinese medicine.
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Abbreviations: GO: Gene ontology; KEGG: Kyoto encyclopedia of genes and genomes; BP: Biological process; CC: Cellular component; MF: Molecular function.
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Figure 6. Molecular docking and visualization results. (A) Heatmap of binding energies from molecular docking. Darker colors
represent lower binding energies. (B) Representative molecular docking interactions for four key component-target pairs.
Abbreviations: AKT1: Protein kinase B; JUN: AP-1 transcription factor; STAT3: Signal transducer and activator of transcription 3; TP53: Tumor protein

53; ESR1: Estrogen receptor 1.

significance and fold changes in gene expression between
To validate the potential targets identified in this study, the two groups. To further explore the expression p'atter.ns
differential expression analysis was conducted using the of the DEGs, a heatmap was constructed to visualize
OP dataset GSE5958 from the GEO database. The “limma” the distribution of the top 30 upregulated and top 30
R package was utilized to identify differentially expressed downregulated genes across different sample groups. The
genes (DEGs) between control and osteoporotic samples. heatmap offers a detailed look at the expression levels of
The number of DEGs was visualized using a volcano these genes, highlighting the consistency or variability

within and between the sample groups. After identifying

plot, where red dots represent upregulated genes, and
blue dots represent downregulated genes. This graphical the DEGs, a cross-referencing analysis was conducted to
representation provides an overview of both the statistical identify overlapping targets between the drugs used in

3.8. GEO database validation
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QGJSF and the DEGs from the GSE5958 dataset. This
analysis led to the identification of seven shared core
genes, such as TGFB1, MMP2, BCL2L1, MAPK3, AKT1,
CTNNBI, and TP53 (Figure 7A-C). These genes serve as
key points of intersection between the targets of QGJSF
and the biological changes observed in OP, suggesting their
critical role in the therapeutic effects of the formula.

-Iog10(P Value)
e

3.9. Key gene expression validation

Next, the expression of the seven hub genes was validated
in the GSE35958 dataset. The results showed that TGFBI1,
MMP2, BCL2L1, MAPK3, AKTI1, and TP53 were
significantly upregulated, while CTNNB1 was significantly
downregulated in the OP group compared with normal
control samples (Figure 8A-G).

GSE35958

QGJSF

EE AKT1 TP53 TGFBI
= MMP2 BCL2L1 MAPK3
= CTNNBI

Figure 7. Validation of core targets of QGJSF using the GEO dataset (GSE35958). (A) Volcano plot of DEGs. (B) Heatmap of DEGs. (C) Venn analysis

showing the overlap between QGJSF-associated genes and DEGs.

Abbreviations: DEGs: Differentially expressed genes; GEO: Gene expression omnibus; QGJSF: Qiang-gu-jian-shen formula.
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Figure 8. Validation of hub genes in GSE35958 dataset. (A-G) Expression levels of hub genes in GSE35958 dataset. (H) ROC curve analysis of hub genes

in the GSE35958 dataset.

Abbreviations: C: Control; P: Osteoporosis; ROC: Receiver operating characteristic.
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ROC curve analysis was then performed to explore the
diagnostic effects of the seven hub genes. In the GSE35958
dataset, the area under the curve (AUC) values were as
follows: TGFB1, AKT1, CTNNBI, and TP53 all had an
AUC of 1.000, MMP2 was 0.500, BCL2L1 was 0.950, and
MAPK3 was 0.750. Except for MMP2, all other genes had
AUC values >0.7, suggesting good diagnostic performance
(Figure 8H).

3.10. GSEA analysis

To explore the potential pathways of these six genes, single-
gene GSEA analysis was performed. The results showed that
the TGFB1 high-expression group was highly enriched in
the pathways of autoimmune thyroid disease and ribosome
(Figure 9A). The BCL2L1, MAPK3, and TP53 high-
expression groups were highly enriched in the pathways
of antigen processing and presentation, and autoimmune
thyroid disease (Figure 9B). The AKT1 group was highly
enriched in autoimmune thyroid disease and graft-versus-
host disease (Figure 9C). Meanwhile, the CTNNB1 low-
expression group was highly enriched in the ribosome and
graft-versus-host disease pathways (Figure 9D).

4, Discussion

This study highlights the potential of QGJSF in treating
OP through five key components, such as quercetin,
dioscin, genistein, calycosin, and berberine, each targeting
distinct molecular mechanisms. Quercetin promotes
osteoblast differentiation and inhibits osteoclast activity
through multiple pathways, including Wnt/B-catenin,
BMP/SMAD/RUNX2, OPG/RANKL/RANK, ERK/JNK,
and GPRC6A/AMPK/mTOR, while modulating oxidative
stress and metabolic regulation.®® Dioscin enhances bone
formation in post-menopausal OP models by activating
PI3K/P38/AKT signaling and suppressing TLR4/MyD88/
TRAF6 pathways.'®!" Genistein, structurally similar to
estrogen, mitigates bone marrow stem cell senescence

A . B

-
[

through ERRo-mediated mitochondrial biogenesis and
regulates MAPK, NF-kB, and NRF2/HO-1 pathways.'>"
Calycosin inhibits RANKL-induced osteoclastogenesis,
upregulates OPG, and activates PI3K/AKT and Wnt/f3-
catenin pathways to support osteoblast function and bone
mineralization, while its antioxidant properties improve
bone microstructure.'*' Berberine reduces oxidative
damage, suppresses RANKL/OPG signaling to inhibit
osteoclasts, and promotes osteoblastogenesis through
PKA, p38 MAPK, Wnt/B-catenin, and AMPK pathways,
enhancing bone strength and microarchitecture.””
Collectively, these compounds regulate bone remodeling
by balancing osteoblast and osteoclast activity, alleviating
oxidative stress, and modulating key signaling pathways.
Their synergistic effects may provide superior therapeutic
outcomes for OP compared to monotherapy.

This study identified five core targets, such as STAT3,
AKT1,TP53,ESR1,and JUN, through PPInetwork topology
analysis, systematically revealing their multidimensional
roles in bone metabolism regulation. These findings
provide key insights into the pathogenesis of OP and the
potential therapeutic targets of QGJSE*' STAT3, a critical
mediator of cytokine-kinase communication, exhibits
bidirectional regulation of bone metabolism through the
JAK-STAT pathway. It activates osteogenic genes, such as
Runx2, OCN, BSP, ALP, and COLIAI to promote bone
formation,*** while simultaneously binding to the NFATc1
promoter to drive osteoclast pre-cursor differentiation
and regulate osteoclast-specific genes, such as osteoclast-
associated receptor and dendrocyte expressed seven
transmembrane protein (Dc-Stamp).”* In IL-6 family-
mediated inflammatory responses, STAT3 suppresses
RANKL signaling to alleviate bone loss, yet its abnormal
activation exacerbates inflammatory bone destruction.”
AKT1 activates the Wnt pathway by phosphorylating
GSK3f to stabilize P-catenin through the PI3K/AKT/
mTOR axis, thereby promoting osteoblast differentiation

Figure 9. GSEA analysis of hub genes. (A) GSEA analysis of TGFB1. (B) GSEA analysis of BCL2L1, MAPK3, and TP53. (C) GSEA analysis of AKT1.

(D) GSEA analysis of CTNNBI.

Abbreviations: GSEA: Gene set enrichment analysis; TGFBI1: Transforming growth factor beta 1; MMP2: Matrix metallopeptidase 2; BCL2LI:
BCL2 like 1; MAPK3: Mitogen-activated protein kinase 3; AKT1: AKT serine/threonine kinase 1: CTNNB1: Catenin beta 1.
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and mineralization. Concurrently, it inhibits RANKL-
induced osteoclast pre-cursor maturation, playing a dual
regulatory role in maintaining the balance between bone
formation and resorption.** TP53, as a transcription
factor, suppresses osteoblast differentiation by blocking
OSX-DLX5 complex formation and inhibiting osteogenic
gene expression (IBSP, COL1A1l) while inducing pro-
apoptoticgenes(NOXA,PUMA).High-doseglucocorticoids
activate the TP53 signaling pathway, downregulating OPG
and upregulating RANKL to disrupt bone homeostasis;
excessive TP53 activation further induces osteoclast cycle
arrest and ferroptosis.”?* ESR1 promotes BMSC osteogenic
differentiation through the Wnt/B-catenin, PI3K/AKT, and
MAPK/ERK pathways. Its knockdown significantly reduces
the expression of osteogenic markers (ALP, Runx2, OCN,
OPN) and mineralized nodule formation. In gender-specific
regulation, ESR1 primarily affects cortical bone in male
mice and trabecular bone in female mice. In osteoclasts,
ESRI induces apoptosis through the FasL/Fas pathway to
inhibit bone resorption and is regulated by SIRT6 in bone
quality modulation.”** JUN, a component of the AP-1
complex, activates late-stage osteoblast differentiation
genes through the JNK signaling pathway and participates
in cell proliferation, stress responses, and apoptosis to
maintain osteocyte homeostasis.” In summary, STAT3,
AKT1, TP53, ESR1, and JUN play pivotal roles in
regulating bone metabolism, providing valuable insights
into the pathophysiology of OP and highlighting potential
therapeutic targets.

Enrichment analysis shows that the therapeutic
mechanisms of QGJSF for OP involve the coordinated
regulation of multiple signaling pathways. Under hypoxic
conditions, HIF-1lo. promotes osteoclast differentiation
and glycolysis-mediated energy metabolism through
ANGPTL4, while downstream VEGF enhances osteoclast
activity through autocrine/paracrine pathways and
mediates type H angiogenesis, directly linking bone
mass regulation (HIF-lo deficiency causes bone loss,
whereas overexpression promotes vascular-osteogenic
coupling).** The FoxO pathway maintains redox
homeostasis by activating antioxidant enzymes (e.g.,
SOD, Cat) and interacts with the Wnt/B-catenin
pathway: During aging, FoxO competes for [-catenin
binding, inhibiting Wnt signaling, while JNK-mediated
FoxO phosphorylation further disrupts [-catenin/TCF
transcriptional activity, impairing osteoblast function.**
The PI3K/AKT pathway exhibits dual roles in bone
metabolism: Activation promotes osteoblast differentiation
(e.g., IL-37 enhances MSC osteogenesis and mineralization
through this pathway®), while M-CSF/RANKL-driven
PI3K/AKT signaling fuels osteoclastogenesis, which can
be suppressed by phytoestrogens (e.g., resveratrol) and

negative regulators, such as PTEN/SHIP.””% Aging-related
pathways include p16/RB and p53/p21, which induce cell
cycle arrest through DNA damage response and suppress
osteogenesis (p53 inhibits Runx2/Osterix through
miR-145 targeting Cbfb**?), while NF-xB amplifies
bone damage through SASP-mediated inflammatory
cascades. Non-coding RNAs (e.g., IncRNA ZFAS1/miR-
29a) epigenetically regulate Wnt/B-catenin and FoxO
pathways to influence bone homeostasis.®*** The osteoclast
differentiation network centers on the M-CSF/RANKL-
RANK axis, activating NF-kB/MAPK/NFATc1 signaling.
STATS3 synergizes with c-fos to enhance NFATc1 activity,
whereas OPG, miRNAs (e.g., miR-34a-5p), and IncRNAs
(e.g., AK077216) modulate osteoclast-osteoblast balance
in OP progression.*®” These pathways highlight molecular
switchesin OP pathogenesis, such as the HIF-1c-VEGF axis
in bone-vascular coupling and FoxO/Wnt crosstalk driving
aging-related bone loss, and underscore therapeutic targets
(e.g., PI3K/AKT plasticity, ncRNA-mediated epigenetic
regulation) for precision interventions.

The integration of molecular docking results with
network pharmacology and GEO validation analyses
provides a multi-layered mechanistic explanation for the
therapeutic effects of QGJSF in OP. Molecular docking
studies revealed that key active components in QG]JSF,
including quercetin, dioscin, genistein, calycosin, and
berberine, exhibit strong binding affinities to critical
targets such as AKT1 and TP53, previously identified as
core therapeutic hubs and validated in the GEO dataset
(GSE35958). For instance, quercetin and calycosin showed
stable interactions with AKT1, a central regulator of the
PI3K/AKT pathway, potentially enhancing its activation
to promote osteoblast survival and differentiation while
suppressing osteoclastogenesis. Similarly, dioscin and
baicalein demonstrated high binding potential with TP53,
suggesting direct modulation of TP53-mediated apoptosis
and cell cycle arrest, counteracting bone loss. Notably,
these docking results align with the GEO findings where
AKT1 and TP53 exhibited significant dysregulation
(AUC = 1.000) in OP, reinforcing their roles as primary
targets of QGJSE

The identification of seven overlapping targets
(including AKT1 and TP53) across the GEO dataset and
QG]JSF’s core targets further bridges the gap between
computational predictions and experimental validation.
While STAT3, ESRI1, and JUN also showed binding
capabilities with QGJSF components, their lower diagnostic
AUC values in GEO data compared to AKT1/TP53 suggest
they may act as secondary or synergistic targets. This
hierarchical target prioritization, with AKT1 and TP53
as the most diagnostically and mechanistically relevant,
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supports the hypothesis that QGJSF exerts its anti-OP
effects predominantly through stabilizing PI3K/AKT
signaling (via AKTI1 activation) and mitigating TP53-
driven osteoblast apoptosis.

These findings collectively highlight a “multi-
component, dual-core target” mechanism: QGJSF’s active
ingredients physically engage AKT1 and TP53 to rectify
their dysregulation in OP, while other targets (e.g., STAT3,
CTNNBI1) may contribute indirectly through pathway
crosstalk or compensatory mechanisms. Future studies
should prioritize in vitro validation of these docking
interactions, for example by testing whether quercetin
or dioscin modulates AKT1 phosphorylation or TP53
activity, to strengthen the translational relevance of these
computational insights.

5. Conclusion

QGJSF potentially treats OP by acting through its
components, quercetin, dioscin, genistein, calycosin,
and berberine, on potential core targets such as STAT3,
AKT1, TP53, ESR1, and JUN. These interactions modulate
several signaling pathways including PI3K/AKT, FoxO,
HIF-1, cellular senescence, and osteoclast differentiation.
The formula intervenes in BP such as positive regulation
of gene expression, RNA polymerase II transcription, cell
proliferation, as well as negative regulation of apoptosis
and cell proliferation. These molecular insights provide a
theoretical basis for subsequent clinical and experimental
studies on OP treatment. However, it is important to
acknowledge the limitations of this study. The present
analysis focuses solely on the direct relationships between
QGJSF and OP-related components, targets, and pathways.
Given that QGJSF is a TCM compound prescription, it
may also improve the overall condition of OP patients by
indirectly addressing pathological changes across multiple
systems. This potential indirect therapeutic mechanism
remains to be explored and elucidated further. The above
findings provide valuable guidance for future research
directions. Investigating the indirect effects of QGJSF
on systemic health could offer additional strategies for
treating OP and enhancing the quality of life for affected
individuals. Moreover, understanding the comprehensive
mechanisms of QGJSF will contribute to the development
of more effective and personalized therapies for OP.

This study reveals potential molecular mechanisms by
which QGJSF regulates bone metabolism through multi-
dimensional analyses. Nonetheless, the synergistic effects
of its components and dynamic regulatory mechanisms
require further exploration. For instance, functional
validation of core targets (e.g., AKT1, TP53) requires
validation through gene-editing models to define their

regulatory thresholds, while the bidirectional effects of
pathways such as PI3K/AKT may depend on component
concentrations and  microenvironmental  factors,
necessitating quantification using 3D bone organoids or
dynamic culture systems. Future studies could integrate
spatial transcriptomics and single-cell metabolomics
to elucidate the spatiotemporal regulatory network of
QGJSF in bone vascularization and oxidative stress
microenvironments. In addition, combining clinical
heterogeneity data to establish efficacy prediction models
will advance precision intervention strategies for OP
treatment using TCM formulations.
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