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Identi�cation of potential
biomarkers related to the Bitong
mixture in osteoarthritis based on
bioinformatics and network
pharmacology, and exploration
of the mechanism involved
Ziwei Shen1, Suming Li1*, Teng Li1 and Lining Wang2

1Department of Orthopedics and Traumatology, Nanjing Hospital of Traditional Chinese Medicine,
Nanjing, Jiangsu, China, 2Department of Orthopedics and Traumatology, School of Integrated
Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine, Nanjing,
Jiangsu, China
Background: Bitong Mixture (BM) has shown ef�cacy in alleviating pain in knee
osteoarthritis (OA) in clinical practice; however, the molecular mechanisms
underlying its therapeutic effects remain to be fully elucidated. This study aimed
to identi�ed BM-related OA biomarkers and explore their functional implications.
Methods: An integrative strategy combining bioinformatics prediction and
experimental validation was used. Biomarkers were screened from public OA
transcriptomic data using differential expression analysis, network pharmacology,
and machine learning. Their functions were explored via enrichment and immune
in�ltration analyses. Molecular docking predicted interactions between herbal
compounds and targets. Single-cell analysis characterized biomarker expression
in chondrocyte subsets. A rat OA model and reverse transcription quantitative
polymerase chain reaction (RT-qPCR) were employed for in vivo validation.
Results: Bioinformatic prediction identi�ed three potential biomarkers: MMP9,
MMP2, and SPP1. They demonstrated certain diagnostic performance for OA and
were implicated in pathways related to extracellular matrix organization and
immune regulation. Immune analysis revealed signi�cant correlations, notably
between MMP2 and activated dendritic cells (cor = 0.66) and between SPP1 and
CD4+ central memory T cells (cor = -0.75). Molecular docking suggested strong
binding af�nity between luteolin (a BM component) and MMP9. Single-cell
analysis indicated high expression of these potential biomarkers in hypertrophic
chondrocytes, in�ammatory chondrocytes, and �brochondrocytes. In vivo
validation con�rmed that BM alleviated OA symptoms and histopathological
damage in rats. RT-qPCR results showed that BM treatment alleviated the OA-
induced upregulation of MMP9, MMP2, and SPP1 expression.
Conclusion: MMP9, MMP2, and SPP1 are potential therapeutic biomarkers for BM
in OA. The ef�cacy of BM may be attributed to its regulation of extracellular matrix
remodeling and immune responses, which provides a possible mechanistic
explanation for its clinical use.
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1 Introduction

Osteoarthritis (OA) is a chronic degenerative joint disorder
characterized by progressive cartilage destruction, synovial
in�ammation, and subchondral bone sclerosis (1). This
multifaceted disease represents one of the most prevalent
musculoskeletal conditions worldwide, signi�cantly impacting
quality of life and imposing substantial socioeconomic burdens
on healthcare systems globally (2). The pathogenesis of OA involves
complex multifactorial interactions, including aging, mechanical
overload, metabolic dysfunction (e.g., obesity), genetic
susceptibility, and in�ammatory cascades that perpetuate tissue
damage (3–5). These interconnected pathways contribute to
the heterogeneous nature of OA, making it challenging to
develop universally effective therapeutic interventions (6).
Epidemiologically, OA affects over 300 million people globally,
with a disproportionate impact on postmenopausal women and
the elderly population, demonstrating rising prevalence due to
aging demographics and increasing obesity rates (7). The disease
burden is projected to escalate further as life expectancy increases
and sedentary lifestyles become more prevalent. Current
therapeutic approaches, including nonsteroidal anti-in�ammatory
drugs (NSAIDs), intra-articular corticosteroids, hyaluronic acid
injections, and joint replacement surgery, primarily focus on
symptom management rather than addressing underlying disease
mechanisms, thus failing to halt or reverse disease progression (8).
Notably, chronic NSAID administration increases risks of peptic
ulcers, cardiovascular complications, and renal impairment, while
surgical options are limited by prosthesis longevity, postoperative
complications, and patient-speci�c factors (9, 10). These
therapeutic limitations underscore the urgent need to identify
novel prognostic biomarkers and innovative therapeutic targets to
better elucidate OA pathogenesis and provide more effective
approaches for clinical diagnosis, prognosis assessment, and
targeted treatment strategies.

Traditional Chinese medicine (TCM), a comprehensive holistic
therapeutic system encompassing herbal compounds, acupuncture,
manual therapies, and dietary interventions, has garnered
increasing scienti�c attention for its multi-target ef�cacy and
remarkably low toxicity pro�le in managing chronic diseases,
including OA (11). This ancient medical paradigm operates on
the principle of restoring balance within the body’s energy systems
while addressing root causes rather than merely symptomatic relief.
TCM formulations, systematically classi�ed into standardized
patent medicines and individualized customized decoctions,
demonstrate remarkable therapeutic versatility by modulating
complex pathophysiological processes, including in�ammation,
oxidative stress, cartilage metabolism, and immune dysfunction,
through sophisticated synergistic interactions of multiple bioactive
components (12–14). Recent pharmacological investigations have
highlighted the signi�cant therapeutic potential of speci�c TCM
herbs in OA management, with Curcuma longa exhibiting potent
anti-in�ammatory properties through NF-kB pathway inhibition,
and Eucommia ulmoides demonstrating cartilage-protective effects
via enhanced collagen synthesis and chondrocyte proliferation (15).
These �ndings validate the traditional empirical knowledge with
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modern scienti�c evidence. The Bitong mixture (BM) is a hospital-
prepared medicine of Nanjing Hospital of Traditional Chinese
Medicine (Approval No.: Su Yao Zhi Zi Z04000864). It has been
clinically used for the treatment of osteoarthritis for decades and
achieved favorable therapeutic outcomes., It is a classical TCM
formula comprising Aconitum carmichaelii, Paeonia lacti�ora, and
multiple complementary herbs, has demonstrated signi�cant
analgesic and anti-arthritic effects in preliminary clinical
observations and experimental studies (16–18). Despite these
promising therapeutic outcomes, the speci�c bioactive
compounds, precise molecular targets, and underlying
mechanisms responsible for BM’s OA improvement remain
poorly characterized and inadequately understood. Therefore,
systematic investigation of BM’s comprehensive pharmacological
basis is imperative to bridge the gap between traditional empirical
knowledge and contemporary evidence-based clinical application,
facilitating its integration into modern therapeutic protocols.

In this study, We adopted a strategy integrating bioinformatics,
network pharmacology, and experimental veri�cation to screen
candidate biomarkers related to BM treatment of OA, predict
their potential molecular targets and pathways, and conduct
preliminary validation through animal models and molecular
experiments, thereby providing clues and hypotheses for the
subsequent in-depth mechanism study and clinical application
of BM.
2 Materials and methods

2.1 Study design and work�ow

To identify potential biomarkers and explore the therapeutic
mechanisms of BM in OA, we pinpointed candidate biomarkers
through data mining, experimentally validated their relevance
and BM’s in vivo ef�cacy, and conducted mechanistic and
cellular-scale analysis to further dissect the underlying contexts
(Supplementary Figure 1).

2.2 Establishment of osteoarthritis rat
model

In this experiment, a total of 15 8-week-old male Sprague-
Dawley (SD) rats weighing 250 g were obtained from SPF(Beijing)
BIOTECHNOLOGY Co., Ltd. These rats were �rst subjected to one
week of adaptive feeding. The sample size was determined with
reference to similar pharmacological studies of OA (19) and based
on a sample size calculation using G*Power software, which
indicated that a minimum of 4 animals per group was required to
achieve statistical signi�cance (effect size d = 2.0, a = 0.05, b = 0.8).
To ensure robust statistical power, �ve rats per group were
ultimately adopted in this study. Additionally, the monosodium
iodoacetate (MIA) model was selected for its ability to rapidly and
reproducibly induce key OA pathological features including
cartilage degradation, synovitis, and pain behavior, which is
suitable for short-term intervention studies and has been widely
used in OA drug screening and mechanistic research (20).
frontiersin.org
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Subsequently, 15 rats were selected and randomly divided into 3
groups: the Control group, the OA group, and the OA+Arthralgia
Compound group. Except for the rats in the Control group, the rats
in other groups were anesthetized with 2.5-3% iso�urane. An 8%
sodium iodoacetate solution was prepared (2 mg of sodium
iodoacetate was dissolved in 50 ml of normal saline). With the
rat’s knee joint slightly �exed, a 1-ml insulin syringe was inserted
slightly medial to the patella and punctured obliquely upward and
medially. When a distinct sense of giving way was felt, indicating
that the needle tip had pierced into the joint cavity, the
corresponding volume of sodium iodoacetate solution was
injected into the bilateral knee joint cavities of each rat to
establish the model. Intervention began 14 days after model
establishment. For the rats in the OA + BM group, they were
intragastrically administered with the Bitong mixture (BM)
(containing various traditional Chinese medicine components
such as Caulis Sargentodoxae 1.35g/kg, Radix Saposhnikoviae
0.9g/kg, Processed Aconitum carmichaeli Debx. 0.9g/kg,
Processed Aconitum kusnezof�i Reichb. 0.9g/kg, Radix Angelicae
Pubescentis 0.9g/kg, Radix Dipsaci 1.08g/kg, Radix Achyranthis
Bidentatae 1.35g/kg, Rhizoma Cibotii 0.9g/kg, Rhizoma Polygoni
Cuspidati 1.35g/kg, Radix Glycyrrhizae 0.9g/kg, Stir-fried Rhizoma
Atractylodis Macrocephalae 1.08g/kg, Semen Coicis 1.35g/kg, Radix
Clematidis 0.9g/kg, Pericarpium Citri Reticulatae 0.9g/kg, Cortex
Periplocae 0.9g/kg, Eupolyphaga Seu Steleophaga 0.54g/kg, Radix
Cynanchi Paniculati 0.9g/kg, Poria 1.35g/kg, Ramulus Cinnamomi
0.9g/kg) at a dose of 19.35 g/kg, which was derived from the clinical
human dose (assuming a body weight of 70 kg) using a human-to-
rat equivalent dose conversion factor of 6.3 based on body surface
area (21), once a day for 14 consecutive days. BM is a standardized
hospital preparation produced by Nanjing Hospital of Traditional
Chinese Medicine with the approval number [Su Yao Zhi Zi
Z04000864]. Its production strictly complies with the quality
standards outlined in the Pharmacopoeia of the People’s Republic
of China (22) and the Good Preparation Practice for Pharmaceutical
Preparations in Medical Institutions (https://www.nmpa.gov.cn/
yaopin/ypfgwj/ypfgbmgzh/20010313010101514.html), ensuring
regulatory oversight and clinical applicability. To guarantee
batch-to-batch consistency, the manufacturing process follows
established standardized operating procedures. Key steps include
soaking multiple Chinese herbal pieces in water, decoction twice,
combining �ltrates, allowing sedimentation, concentrating, adding
�avoring and preservative agents, �ltering, �lling, and sterilizing,
thereby ensuring both chemical stability and pharmacological
consistency between batches. The weight and Lequesne MG score
were collected to assess the treatment effect of BM in OA. The
articular cartilage tissue samples and serum samples of 15
experimental rats were collected for subsequent experiments. All
experimental procedures involving animals were approved by the
Institutional Animal Care and Use Committee (IACUC).

2.3 Histological staining

After the articular cartilage tissue of 15 rats was removed, it was
decalci�ed using an ethylenediaminetetraacetic acid (EDTA)
decalci�cation solution. After the decalci�cation was completed,
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the tissue was taken out, washed thoroughly with phosphate-
buffered sa l ine (PBS) , and then immersed in a 4%
paraformaldehyde solution for �xation. Subsequently, the tissue
was dehydrated successively using 70% ethanol, 80% ethanol, 95%
ethanol, and 100% ethanol. After the dehydration steps were
�nished, the tissue was soaked in a mixture of xylene and
absolute ethanol until it became transparent. Finally, the
transparent tissue was placed in paraf�n for soaking and in�ltration.

In this experiment, hematoxylin and eosin (H&E) staining was
performed on tissue samples from three groups. The 5-mm sliced
tissue was placed in alcohol for �attening. After it was �attened, the
sliced tissue on the slide was put into an oven for baking. Once the
paraf�n melted, the slide was taken out and immersed in xylene for
dewaxing. Subsequently, the slide was hydrated successively with
100% alcohol, 95% alcohol, 80% alcohol, and 70% alcohol, and then
rinsed with PBS solution. Next, the slide was stained with
hematoxylin and then rinsed with distilled water. It was then put
into an alcohol-hydrochloric acid solution for differentiation and
placed in tap water to make it turn blue again. After that, the slide
was stained with eosin and rinsed in distilled water. Subsequently, it
was dehydrated successively with 95% alcohol and 100% alcohol,
and then soaked in xylene until it became transparent. Finally, the
slide was sealed with neutral balsam.

Similar to the H&E staining, the sliced tissue with a 3-mm sliced
tissue was stained with safranin. Then it was stained with Weigert
staining solution and differentiated with an acidic differentiating
solution. Subsequently, it was immersed in fast green staining
solution. After the immersion, the slice was washed with a weak
acidic solution, and then it was immersed in safranin staining
solution again. After that, it was successively soaked in alcohol for
dehydration and in xylene until it reached a transparent state.
Finally, it was sealed with optical resin.

The histological scoring of all tissue sections was performed
under blinded conditions. Speci�cally, all tissue sections were
assigned anonymous numerical codes prior to evaluation. The
researcher responsible for the histological assessment was
unaware of the group assignments (Control, OA, or OA+BM) of
each sample throughout the entire scoring process. The codes were
only revealed and linked to the experimental groups after the
analysis was completed.

2.4 Data acquisition

In this study, three OA-related human datasets were
downloaded from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/gds). Speci�cally, GSE114007
(GPL11154) included 18 normal (control group) and 20 OA (case
group) human knee cartilage tissue samples, and GSE169077
(GPL96) comprised 5 normal and 6 OA knee cartilage tissue
samples. Additionally, the single-cell dataset GSE255460
(GPL24676) consisted of 16 OA and 3 human knee cartilage
tissue samples. Among them, GSE114007 and GSE169077 were
used as the training set and validation set, respectively. The
classi�cation criteria were relatively consistent across datasets,
and sample classi�cation in all datasets adhered to the original
studies’ diagnostic criteria. Batch correction was not performed
frontiersin.org
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since GSE114007 and GSE169077 were analyzed separately as
independent training and validation sets, and GSE255460 was
processed independently as a single-cell dataset without merging
into a uni�ed expression matrix. The detailed characteristics of
these datasets, including species, tissue source, disease stage, and
platform, are provided in Supplementary Table 1.

2.5 Differential expression and enrichment
analysis

In the human OA transcriptomic dataset GSE114007,
differential expression analysis was employed to screen for
differentially expressed genes (DEGs) between case and control
groups by DEseq2 package (v 1.34.0) (19), the results were
presented in volcano maps and heat maps by ggplot2 (v 3.3.6)
(20) and pheatmap3 (v 1.1.9) (21) packages, respectively. Brie�y,
raw read counts were preprocessed by removing genes with an
average expression below 0.5. A pseudocount of 1 was added to all
counts for subsequent log transformation. Differential expression
analysis was then conducted using DESeq2 based on a negative
binomial generalized linear model. The design matrix was
constructed with the sample condition (OA vs. Control) as the
variable. Gene-wise dispersion estimates were calculated and a
model was �tted using the DESeq() function. The Benjamini-
Hochberg procedure was applied to adjust P-values for multiple
testing control. DEGs were identi�ed based on thresholds of |log2
fold change (FC)| � 1 and an adjusted p-value (false discovery rate,
FDR) < 0.05 (23).

Meanwhile, drug targets corresponding to active compounds in
BM (oral bioavailability (OB) � 30% and drug likeness (DL) � 0.18)
(24, 25) were predicted in the Traditional Chinese Medicine
Systems Pharmacology (TCMSP) database (https://tcmsp-e.com/
tcmsp.php). After that, the drug targets obtained above were
intersected with the human OA-related DEGs to further identify
candidate genes. Subsequently, the biological functions and
pathways associated with candidate genes were explored through
the clusterPro�ler package (v 4.8.2) (22), which included Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses (adj. p < 0.05) (26).

2.6 Construction of protein-protein
interaction network

To further explore the interactions among the human OA-
derived candidate genes at the protein level, their PPI network was
constructed using the STRING database (http://string.embl.de/)
(con�dence score > 0.4) (27). Subsequently, the top 1 connectivity
gene cluster was selected using the MCODE plugin. Next, hub genes
in the top 1 gene cluster were further identi�ed using 3 algorithms
(Degree, Betweenness, Closeness) in the cytoHubba plugin. The
intersection of hub genes identi�ed by these 3 algorithms was
employed to mine candidate key genes.

2.7 Machine learning analysis

Firstly, the human OA-derived candidate key genes were
subjected to least absolute shrinkage and selection operator
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(LASSO) regression analysis according to the glmnet package (v
4.1-2) (23), where 10-fold cross validation was used to identify
feature genes 1. Meanwhile, the Boruta algorithm was also used to
screen the feature genes 2. The key feature genes were obtained by
taking the intersection of feature genes from these two machine
learning algorithms. Subsequently, the expression levels of key
feature genes were investigated in the human OA dataset
GSE114007 and GSE169077 using the Wilcoxon test (p < 0.05)
(28). The genes showing signi�cant differences in case and control
groups and consistent expression trends across both datasets were
considered potential biomarkers. Following this, receiver operating
characteristic (ROC) curves for these potential biomarkers were
plotted in both datasets using the pROC package (v 1.18.0) (24) to
further evaluate their diagnostic performance for OA (area under
curve (AUC) values > 0.7) (29).

2.8 Construction of a nomogram

In order to further explore the predictive performance of
potential biomarkers for OA patients, a potential biomarker
nomogram was constructed, where the occurrence of OA was
predicted according to the total points corresponding to each
potential biomarker. After that, the accuracy of the nomogram
model prediction was further evaluated by calibration curve,
decision curve analysis (DCA), and ROC curve.

2.9 Functional analysis of potential
biomarkers

In the human OA dataset GSE114007, potential biomarkers
related to signaling pathways were explored. Speci�cally, the
correlation of potential biomarkers with other genes was
calculated separately and sequenced. After that, the human C2:
KEGG gene set (Homo sapiens) was downloaded through the
msigdbr package (v 7.5.1) (30) as the background set. Afterwards,
the sequenced genes were subjected to gene set enrichment analysis
(GSEA) by the GSEA function (adj. p < 0.05). In addition, in order
to explore the roles played by potential biomarkers in vivo as well as
the associated interacting proteins, GeneMANIA (http://
genemania.org) was employed to construct the gene-gene
interaction (GGI) network of potential biomarkers, where the top
20 genes and the top 7 signaling pathways were presented.

2.10 Immune-related analyses

To understand whether there was a signi�cant difference in the
enrichment of immune cells during the progression of OA
compared with normal people, xcell (v 1.1.0) (31) was used to
perform immune cell in�ltration analysis in the human OA dataset
GSE114007. Besides, the in�ltration scores of 64 immune cells were
obtained, samples that were signi�cantly enriched in immune cells
were screened, and all immune cells that were not enriched in the
samples were removed. Thereafter, the Wilcoxon test was used to
analyze the difference in immune cells enrichment scores between
the case and control groups (p < 0.05). Eventually, the relationship
between potential biomarkers and 64 immune cells was revealed by
the Spearman method.
frontiersin.org
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2.11 Regulatory network analysis

In order to deeply explore the expression regulation mode of
potential biomarkers, their regulatory networks were constructed.
Firstly, miRNAs that may regulate potential biomarker expression
were pred i c t ed us ing the miRDB database (h t tp : / /
www.mirbase.org). Among them, the top 10 miRNAs were used
for lncRNA prediction in the Starbase database (http://
starbase.sysu.edu.cn)(pancancerNum�10). After that, the top 5
lncRNAs sorted by pancancerNum associated with each miRNA
were used for lncRNA-miRNA-mRNA network construction via
Cytoscape (v 3.9.1) (32). Also, the transcription factors (TFs) of the
potential biomarkers were predicted in the CistromeDB database
(Http://cistrome.org/db).

2.12 Molecular docking

In this study, the herbal-active compounds-gene - gene network
of potential biomarkers was constructed via Cytoscape software (v
3.9.1) (32). Besides, the common targets of the compounds were
selected for molecular docking. In detail, mRNA-encoded proteins
in PDB format �les were downloaded from Uniprot Protein
Database (https://www.uniprot.org), while SDF format �les of
components were obtained from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/). After that, the drug active compounds
and gene active compounds results were pretreated with the CB-
DOCK2 tool (33). Finally, the molecular docking of the active
compounds of the drug with the mRNA-encoded proteins was
performed via AutoDock (v 1.1.2) (34), and the results were
visualized via PyMol (v2.4.1) (35).

2.13 Single-cell analysis

After completing the molecular docking analysis, the
GSE255460 dataset (human OA single-cell RNA-seq) was further
analyzed using the Seurat package for single-cell RNA sequencing
data. First, low-quality cells were �ltered out based on quality
control criteria: only cells with nFeature_RNA between 200 and
4,000, nCount_RNA below 20,000, and percent.mt under 15% were
retained for further analysis. The retained data was then normalized
using the “LogNormalize” method. After log normalization, the
“FindVariableFeatures” function with the “vst” method was used to
identify the top 2,000 highly variable genes to optimize
computational ef�ciency. Next, principal component analysis
(PCA) was conducted on individual samples using the “RunPCA”
function, and sample integration was achieved using the
“CCAIntegration” method within the “IntegrateLayers” function.
After PCA dimensionality reduction, unsupervised clustering was
performed using “FindNeighbors” and “FindClusters” functions in
“Seurat” (v 5.0.1) (36) (resolution = 0.5) (37). Subsequently, cell
annotation was performed based on the TSNE clustering results and
marker genes provided in the literature (38). The distribution of
potential biomarkers across cell clusters was visualized. Finally, the
“CellChat” (v 1.6.1) (39) was employed to analyze cell-to-cell
communication at the molecular level. The number of receptor-
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ligand pairs was counted, and chord diagrams were employed to
visualize the communication and regulatory networks between cells.

2.14 Reverse transcription-quantitative
PCR

Because articular cartilage is the primary site of degeneration in
osteoarthritis, it was selected for RT-qPCR analysis to directly
evaluate gene expression changes at the disease epicenter.
Articular cartilage tissues were harvested from the rat models
described in Section 2.1. RNAs of 5 control, 5 OA, and 5
treatment (using BM to treat OA) group articular cartilage tissue
samples were isolated via TRIzol reagent (Ambion, America). After
being detected by electrophoresis and analyzed for purity on
NanoPhotometer N50, RNAs were subjected to cDNA synthesis
using the SureScript-First-strand-cDNA-synthesis kit (Servicebio,
China). Then RT-qPCR was conducted by Universal Blue SYBR
Green qPCR Master Mix (Servicebio, China) on a CFX connect RT-
qPCR detection system (BIO-RAD, America). Primers of potential
biomarkers and internal reference gene (GAPDH) were shown in
Supplementary Table S1. Besides, the reaction system and program
for reverse transcription and RT-qPCR were shown in
Supplementary Tables S2-S5. After RT-qPCR reaction, the 2-DDC�

method was employed to calculate relative expression. Eventually, t-
test (P < 0.05) (40) was conducted to assess intergroup differences,
and Graphpad Prism 5 software (v 8.0) (41) was applied
for visualization.
2.15 Statistical analysis

Bioinformatic analyses were conducted in the R program
(v 4.2.2). Additionally, employing the Wilcoxon rank sum test or
t-test to determine group differences, with a signi�cance threshold
de�ned at P < 0.05.
3 Results

3.1 BM alleviates OA symptoms and joint
damage (rat model)

To initially validate the therapeutic ef�cacy of BM, we assessed
its effects on pain behavior and joint histopathology in an MIA-
induced rat OA model. In the animal model, the knee joints of the
rat samples in the OA group exhibited obvious hyperplasia and
in�ammatory phenotypes when compared with those in the control
group and the OA + BM group (Figure 1A). It is speculated that this
was caused by the excessive in�ltration of in�ammatory cells. In
addition, the Lequesne MG scores of the three groups of animal
models showed that the Lequesne MG scores reached the highest
level from 3 to 7 days after the injection of sodium iodoacetate. This
indicated that the damage caused by sodium iodoacetate to the rats
was most signi�cant during this 3- to 7-day period. However, the
scoring results on the 28th day showed that after the intervention of
frontiersin.org
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the OA+BM group, the scores decreased signi�cantly (Figure 1B).
These results suggested that BM can effectively alleviate the damage
caused by OA. Furthermore, the results of H&E staining and
safranin staining showed that, compared with the control group
and the OA+BM group, the articular cartilage tissue of the samples
in the OA group exhibited hyperplasia, an increase in the number of
cell layers, thickening of the �brous tissue, indicating a large
number of in�ltrating in�ammatory cells, and severe cartilage loss
(Figures 1C, D). These results further indicated at the
histopathological level that BM could alleviate the symptoms of
OA and have a protective effect on joint tissue.

3.2 Identi�cation and functional
enrichment of 64 candidate genes (human:
GSE114007)

Through the identi�cation of candidate genes targeted by BM
and functional enrichment analysis, we obtained preliminary
insights into their biological relevance to OA. In GSE114007,
2,476 DEGs were identi�ed, comprising 1,329 upregulated and
1,147 downregulated genes (Figures 2A, B), which overlapped
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with 261 drug targets of BM, further identifying 64 candidate
genes (Figure 2C). These candidates were collectively enriched
into 1,347 GO terms (55 cellular components (CCs), 112
molecular functions (MFs), and 1,180 biological processes (BPs)),
primarily involving functions such as response to oxygen levels,
response to decreased oxygen levels, among others (Figure 2D).
Additionally, 116 signaling pathways were excavated for candidate
genes, such as the TNF signaling pathway, the AGE�RAGE
signaling pathway in diabetic complications, and so on (Figure 2E).

3.3 Protein interaction network identi�es 7
candidate key genes (human: GSE114007)

Building upon the identi�ed candidate genes, we performed a
PPI network analysis to elucidate their interconnectivity and
prioritize central regulators within the OA pathological network.
In the PPI network, 60 candidate genes formed 640 regulatory
relationships. For example, top2 interacted at the protein level with
multiple genes such as BIRC, NUF2, and RASSF1 (Figure 3A).
Subsequently, the top 1 connectivity gene cluster identi�ed by the
MCODE plugin (Figure 3B) was further analyzed using Degree,
FIGURE 1

(A) Three groups of rat knee joint photos, showing signi�cant hyperplasia and in�ammatory phenotype in the OA group knees. (B) In the line chart of
Lequesne MG score of the three groups over time, the score of the 3–7 days OA group was the highest, and the score of the 28 days OA + Bitong
mixture group was signi�cantly decreased. (C) H&E staining images of articular cartilage tissues in three groups of rats. Compared with the control
group and the OA+BM group, in the OA group, the cartilage tissue proliferates, the number of cell layers increases, and the �brous tissue thickens.
((1:control, 2:OA+BM, 3:OA). (D) Safranin staining images of articular cartilage tissues in three groups of rats, Compared with the control group and
the OA+BM group, Cartilage loss was severe in the OA group(1:control, 2:OA+BM, 3:OA).
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1739355/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1739355/full#supplementary-material
https://doi.org/10.1111/1756-185X.14968
https://doi.org/10.1111/1756-185X.14968
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1142/S0192415X2550003X
https://doi.org/10.1007/s13679-023-00520-5
https://doi.org/10.3389/fimmu.2022.907750
https://doi.org/10.1186/s12967-025-07340-2
https://doi.org/10.1186/s12967-025-07340-2
https://doi.org/10.1016/j.joca.2023.03.008
https://doi.org/10.1016/j.joca.2023.03.008
https://doi.org/10.1016/j.ijpharm.2025.126401
https://doi.org/10.55095/achot2016/012
https://doi.org/10.3389/fbioe.2023.1127289
https://doi.org/10.3390/nu13051420
https://doi.org/10.2147/IJGM.S342435
https://doi.org/10.1097/MD.0000000000029404
https://doi.org/10.1097/MD.0000000000022767
https://doi.org/10.2147/DDDT.S397185
https://doi.org/10.1016/j.jep.2024.118010
https://doi.org/10.1016/j.jep.2024.117772
https://doi.org/10.1016/j.jep.2024.118140
https://doi.org/10.1016/j.bioactmat.2025.11.046
https://doi.org/10.1016/j.heliyon.2022.e10857
https://doi.org/10.1016/j.scitotenv.2024.177478
https://doi.org/10.3389/fphar.2025.1591164
https://doi.org/10.1097/MD.0000000000041459
https://doi.org/10.1186/s12967-025-07253-0
https://doi.org/10.1007/s00296-014-3178-9
https://doi.org/10.3389/fimmu.2025.1729989
https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.1038/s41598-025-16891-9
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/s41401-019-0228-6
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1007/s10822-010-9352-6
https://doi.org/10.1007/s10822-010-9352-6
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/s41592-021-01282-5
https://doi.org/10.1038/s41592-021-01282-5
https://doi.org/10.1136/ard-2023-224420
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1111/os.13057
https://doi.org/10.1111/os.13057
https://doi.org/10.1186/s12967-023-04033-6
https://doi.org/10.3389/fcell.2023.1269724
https://doi.org/10.1097/MD.0000000000034499
https://doi.org/10.1007/s10787-022-00998-w
https://doi.org/10.1016/j.actbio.2024.05.014
https://doi.org/10.3892/ijmm.2024.5450
https://doi.org/10.3390/ijerph19063530
https://doi.org/10.1186/s13018-021-02208-9
https://doi.org/10.1016/j.pep.2020.105629
https://doi.org/10.1111/jre.12028
https://doi.org/10.1111/jre.12028
https://doi.org/10.1007/s10067-020-05539-w
https://doi.org/10.1097/AJP.0b013e31829ca60b
https://doi.org/10.3390/polym15051172
https://doi.org/10.1007/s00198-010-1451-7
https://doi.org/10.3389/fcell.2023.1099287
https://doi.org/10.1016/j.phymed.2025.157729
https://doi.org/10.3389/fimmu.2020.01143
https://doi.org/10.1098/rstb.2023.0387
https://doi.org/10.1093/jmcb/mjv014
https://doi.org/10.1016/j.joca.2022.12.010
https://doi.org/10.1093/cvr/cvaf206
https://doi.org/10.1016/j.molmet.2025.102182
https://doi.org/10.1002/ptr.70174
https://doi.org/10.3390/cells14241952
https://doi.org/10.3390/cells14241952
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.1097/MOG.0000000000000116
https://doi.org/10.1097/MOG.0000000000000116
https://doi.org/10.1007/978-0-387-78952-1_1
https://doi.org/10.1007/978-0-387-78952-1_1
https://doi.org/10.1111/imr.70057
https://doi.org/10.3389/fimmu.2023.1162473
https://doi.org/10.12659/MSM.929004
https://doi.org/10.4049/jimmunol.1200729
https://doi.org/10.3389/fimmu.2025.1599515
https://doi.org/10.1016/j.intimp.2025.115886
https://doi.org/10.1186/2049-1891-5-56
https://doi.org/10.1097/MD.0000000000038430
https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


https://doi.org/10.1093/cei/uxaf054
https://doi.org/10.1016/j.heliyon.2024.e41068
https://doi.org/10.1016/j.foodres.2024.114532
https://doi.org/10.1016/j.foodres.2024.114532
https://doi.org/10.1097/MD.0000000000039398
https://doi.org/10.2147/JIR.S506716
https://doi.org/10.18632/oncotarget.16092
https://doi.org/10.3390/molecules200916908
https://doi.org/10.1007/s11033-023-08804-8
https://doi.org/10.1186/s13287-025-04783-8
https://doi.org/10.1186/s13287-025-04783-8
https://doi.org/10.1016/j.jep.2021.114028
https://doi.org/10.1002/ptr.6366
https://doi.org/10.3389/fimmu.2026.1739355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identification of potential biomarkers related to the Bitong mixture in osteoarthritis based on bioinformatics and network pharmacology, and exploration of the mechanism involved
	1 Introduction
	2 Materials and methods
	2.1 Study design and workflow
	2.2 Establishment of osteoarthritis rat model
	2.3 Histological staining
	2.4 Data acquisition
	2.5 Differential expression and enrichment analysis
	2.6 Construction of protein-protein interaction network
	2.7 Machine learning analysis
	2.8 Construction of a nomogram
	2.9 Functional analysis of potential biomarkers
	2.10 Immune-related analyses
	2.11 Regulatory network analysis
	2.12 Molecular docking
	2.13 Single-cell analysis
	2.14 Reverse transcription-quantitative PCR
	2.15 Statistical analysis

	3 Results
	3.1 BM alleviates OA symptoms and joint damage (rat model)
	3.2 Identification and functional enrichment of 64 candidate genes (human: GSE114007)
	3.3 Protein interaction network identifies 7 candidate key genes (human: GSE114007)
	3.4 Machine learning identifies MMP9, MMP2, and SPP1 as potential biomarkers (human: GSE114007, GSE169077)
	3.5 Diagnostic nomogram based on potential biomarkers (human: GSE114007)
	3.6 Signaling pathways and gene networks associated with potential biomarkers (human: GSE114007)
	3.7 Altered immune infiltration in OA and correlation with potential biomarkers (human: GSE114007)
	3.8 Regulatory networks and molecular docking predict interactions between BM compounds and potential biomarkers (database prediction)
	3.9 Single-cell profiling of OA cartilage identifies key cell types (human: GSE255460)
	3.10 BM downregulates potential biomarker expression (rat model)

	4 Discussion
	4.1 The role and mechanism of potential biomarkers in osteoarthritis
	4.2 Pathway analysis reveals key BM-regulated mechanisms
	4.3 Association analysis of immune cells and potential biomarkers
	4.4 Analysis of molecular docking results and mechanisms
	4.5 Conclusion and limitations

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




