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Abstract 

Osteoarthritis (OA) is a severe chronic inflammatory disease. As the main active component of Astragalus mongholicus 
Bunge, a classic traditional ethnic herb, calycosin exhibits anti-inflammatory action and its mechanism of exact targets 
for OA have yet to be determined. In this study, we established an anterior cruciate ligament transection (ACLT) 
mouse model. Mice were randomized to sham, OA, and calycosin groups. Cartilage synthesis markers type II collagen 
(Col-2) and SRY-Box Transcription Factor 9 (Sox-9) increased significantly after calycosin gavage. While cartilage matrix 
degradation index cyclooxygenase-2 (COX-2), phosphor-epidermal growth factor receptor (p-EGFR), and matrix met-
alloproteinase-9 (MMP9) expression were decreased. With the help of network pharmacology and molecular docking, 
these results were confirmed in chondrocyte ADTC5 cells. Our results indicated that the calycosin treatment signifi-
cantly improved cartilage damage, this was probably attributed to reversing the imbalance between chondrocyte 
synthesis and catabolism.
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Introduction
Osteoarthritis (OA) is a severe, chronic inflammatory 
disease [1], which is estimated to affect more than 528 
million people worldwide by 2010 [2]. With the acceler-
ated aging of the world population, the social and eco-
nomic burden brought by OA is increasing year by year 
[3, 4].

OA is characterized by progressive cartilage degen-
eration. Chondrocytes are the only cell types in carti-
lage that function in the synthesis and catabolism of the 
extracellular matrix (ECM). The diminished cartilage 
matrix is primarily contributed to the decreased secre-
tion of type II collagen (Col-2) by chondrocytes, whose 
transcription is controlled by SRY-Box Transcription 
Factor 9 (Sox-9) [5–8]. As an important local source to 
produce inflammatory mediators, chondrocytes will 
activate cycloxygenase-2 (COX-2) and matrix metallo-
proteinases (MMPs) expression [9]. These inflammatory 
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mediators further affect chondrocytes and stimulate 
inflammatory cytokines, such as tumor necrosis fac-
tor- α (TNF-α), and interleukin (IL)-1β [10, 11], which 
ultimately lead to cartilage degradation. Moreover, the 
lubrication of joint synovial fluid also has an important 
role in cartilage injury. Recent studies revealed that the 
importance of epidermal growth factor receptor (EGFR) 
Signaling in OA. For example, cartilage-specific inactiva-
tion of EGFR in mice leads to fewer superficial chondro-
cytes [12, 13]. Two EGFR ligands were found to be higher 
than normal in human OA samples [transforming growth 
factor alpha (TGFα) and Heparin-binding epidermal 
growth factor-like growth factor (HB-EGF)] were found 
to be higher than normal in human OA samples [14, 15]. 
Two genome-wide association studies (GWAS) revealed 
that TGF is one of the most associated genes with human 
OA [16], which stimulated MMPs expression [17]. These 
studies strongly suggest that EGFR signaling is involved 
in OA pathology.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are 
currently the main drug for OA [18]. However, the clini-
cal use of NSAIDs should be aware of gastrointestinal 
and cardiovascular adverse events. Furthermore, there 
are patients with contraindications or no response to 
NSAIDs [19]. Selective COX-2 inhibitors can reduce 
the incidence of gastrointestinal adverse events while 
exerting significant clinical efficacy [18]. Evidence sug-
gests that inhibition of COX-2 exerts analgesic and anti-
inflammatory effects [20]. Although a study has shown 
that selective COX-2 inhibitors increase adverse out-
comes compared with placebo, this adverse event was 
less than that of NSAIDs [21]. This phenomenon is prob-
ably related to these sulfonamide-containing inhibitors 
that can also inhibit carbonic anhydrase II [22]. There-
fore, developing alternative COX-2/EGFR inhibitors 
that do not disrupt the balance of cartilage synthesis and 
catabolism is desirable.

Astragalus mongholicus Bunge is a classic traditional 
ethnic herb, mainly distributed in Inner Mongolia, 
Northeast of Heilongjiang province, China [23]. The 
most traditional use of Astragalus mongholicus Bunge is 
benefit Qi, which also named “Yiqi” in traditional Chi-
nese medicine (TCM) [24, 25]. Calycosin (7,3ʹ-dihydroxy-
4ʹ-methoxy isoflavone, C16H12O5), with PubChem CID: 
5,280,448, is the main active component of Astragalus 
mongholicus Bunge [26], which exhibits a variety of phar-
macological effects, including anti-inflammatory [27, 28], 
anti-oxidant [29] and anti-osteoporotic [30] activities. 
The Chinese traditional herb Astragalus mongholicus 
Bunge (huáng qí) has been effective in treating many dis-
eases, including OA [31, 32]. Calycosin has been shown 
to inhibit NF-κB activation and reduce the production 
of pro-inflammatory cytokines, such as TNF-α, IL-1β, 

and IL-6 [27, 28]. Furthermore, it has been reported to 
reduce the expression of MMPs (especially MMP3 and 
MMP13), which are essential for the degradation of car-
tilage matrix [33, 34]. A Molecular Dynamics simulation 
suggested that calycosin may bind to the Interleukin-6 
receptor (IL-6R) [35]. Additionally, calycosin shows a 
similar structure to estrogen estradiol and acts as a plant-
derived phytoestrogen. Thus, it possesses estrogen-like 
activity, such as preventing subchondral bone resorption 
and cartilage degradation [36]. It has been reported that 
calycosin-7-O-beta-D-glucopyranoside can reduce the 
severity of OA-like structural damages in the cartilage, 
although it does not affect PGE2 expression [37]. Con-
sequently, calycosin may be a potential drug for the pre-
vention and treatment of OA. However, its mechanism of 
action and targets have not yet been determined.

TCM is a complex holistic healthcare system that 
emphasizes a balance between body, mind, and envi-
ronment. Currently, there has been an increasing inter-
est in the scientific validation of TCM therapies and the 
development of new drugs from natural products [38, 
39]. Network pharmacology is an emerging field that 
combines systems biology and bioinformatics, provid-
ing a powerful tool for studying the complex interactions 
between multiple targets and pathways involved in TCM 
therapies [40].

In the current study, we evaluated the effect of caly-
cosin on OA in vivo and in vitro. Firstly, we investigated 
the effects of calycosin on articular cartilage under OA 
conditions in  vivo. We then utilized computational 
tools and resources (Dry Lab) to investigate the phar-
macological network and predict potential targets [41]. 
Finally, in  vitro experiments (Wet Lab) were conducted 
to explore the underlying mechanisms (Fig. 1).

Materials and methods
This work adopts a recommended research approach and 
writing logic [41, 42]. Combining bioinformatics mining 
and experimental verification, the study consists of a total 
of two main parts- Dry Lab and Wet Lab.

Dry Lab
Prediction of potential targets for calycosin
The potential targets of calycosin were gathered from 
Similarity Ensemble Approach (SEA, http://​sea.​bkslab.​
org/) [43, 44], Swiss Target Prediction (https://​www.​
Swiss.​target.​predi​ction.​ch/) [45], PharmMapper (http://​
lilab-​ecust.​cn/​pharm​mapper/), STITCH (http://​stitch.​
embl.​de/) [46], and Traditional Chinese Medicine Sys-
tems Pharmacology (TCMSP, http://​lsp.​nwu.​edu.​cn/​
tcmsp.​php) [47] databases and analysis Platform, where 
“Homo Sapiens” were selected as targeted species.

http://sea.bkslab.org/
http://sea.bkslab.org/
https://www.Swiss.target.prediction.ch/
https://www.Swiss.target.prediction.ch/
http://lilab-ecust.cn/pharmmapper/
http://lilab-ecust.cn/pharmmapper/
http://stitch.embl.de/
http://stitch.embl.de/
http://lsp.nwu.edu.cn/tcmsp.php
http://lsp.nwu.edu.cn/tcmsp.php
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Collection of Gene Targets for OA
Using “Osteoarthritis “, Therapeutic gene targets of OA 
were collected from the therapeutic target database 
(TTD, https://​db.​idrbl​ab.​org/​ttd/, September 29th, 
2021) [48], Drug Bank (http://​www.​drugb​ank.​ca/) [49], 
Online Mendelian Inheritance in Man (OMIM, https://​
www.​ncbi.​nlm.​nih.​gov/​omim/) [50], and Gene Cards 
(http://​www.​genec​ards.​org/, Version 5.9) [51].

Construction of protein interaction networks
The intersection of genes between OA and calycosin 
produced by all databases was taken for further net-
work analysis. These overlapping genes were uploaded 
to the Search Tool for Recurring Instances of Neigh-
boring Genes (STRING, http://​strin​g905.​embl.​de/, 
version11.0b) database [52] to generate protein–pro-
tein interaction (PPI) networks using “Homo sapiens” 
as the background (combined score > 0.4, medium 
confidence). Subsequently, we applied Cytoscape visu-
alization software 3.7.2 (http://​www.​cytos​cape. org/) to 
evaluate PPI networks, the Molecular Complex Detec-
tion (MCODE, http://​apps.​cytos​cape.​org/​apps/​mcode) 
and CytoHubba (http://​apps.​cytos​cape.​org/​apps/​cytoh​
ubba) plugins were applied to find core clusters and 
hub genes.

GO and KEGG pathway enrichment analysis
The Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID, https://​davidd.​ncifc​rf.​gov/) 
[53] version 6.8 (background and species = Homo sapi-
ens) was used to perform GO and KEGG pathway 
enrichment analysis [54]. A P < 0.01 was considered to 
indicate a statistically significant difference. Sankey dia-
gram and dot plot were created by http-s://www.​bioin​
forma​tics.​com.​cn, a free online platform for data analysis 
and visualization.

Molecular docking
The three-dimensional structure of calycosin was 
obtained from PubChem (https://​pubch​em.​ncbi.​nlm.​nih.​
gov/). PDB files of key proteins from PPI were searched 
and downloaded from Universal Protein Resource (Uni-
Prot, https://​www.​unipr​ot.​org/) [55] and Protein Data 
Bank (PDB: http://​www.​rcsb.​org/​pdb) databases [56, 57], 
respectively. Next, with the help of AutoDockTools (ver-
sion 1.5.6), we completed ligand preparation by remov-
ing water, and adding hydrogens and charges. AutoDock 
Vina (version 1.1.2) [58] was used for molecular docking 
(energy range = 4, exhaustiveness = 8) with the same box 
size (size x = 40, size y = 40, size z = 40). Finally, we use 
PyMoL (version 2.6) [59] and BIOVIA Discovery Studio 
Visualizer (version 4.1.0) [60] after molecular docking for 

Fig. 1  Graphical abstract

https://db.idrblab.org/ttd/
http://www.drugbank.ca/
https://www.ncbi.nlm.nih.gov/omim/
https://www.ncbi.nlm.nih.gov/omim/
http://www.genecards.org/
http://string905.embl.de/
http://www.cytoscape
http://apps.cytoscape.org/apps/mcode
http://apps.cytoscape.org/apps/cytohubba
http://apps.cytoscape.org/apps/cytohubba
https://davidd.ncifcrf.gov/
http://www.bioinformatics.com.cn
http://www.bioinformatics.com.cn
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.uniprot.org/
http://www.rcsb.org/pdb
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graphical visualization. The biographical tools and web-
site information used in this article are summarized in 
Table 1.

Wet Lab
Animals
The animal protocols were approved by the ethics Com-
mittee on the Use and Care of Animals of Central South 
University and were cared in the Experimental Ani-
mal Center of Xiangya Hospital (NO.202103631). Male 
C57BL/6 mice were housed in identical conditions (12 h 
light–dark cycle, 23 ± 2℃, a relative humidity of 50 ± 10%) 
in accordance with the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health 
(NIH Publication No. 85–23, revised 1996).

Mice knee OA model and Experimental Design
OA model was induced by anterior cruciate ligament 
transected (ACLT) [61]. In the sham group, we con-
ducted a simulated operation (open the joint capsule and 
then suture the incision). However, the bilateral anterior 
cruciate ligament was transected in OA and calycosin 
treated groups.

The mice were randomly divided into three groups: 
the sham group, the OA model group, and the calycosin 
treatment group (n = 10 per group). Based on previous 
experience, the calycosin group was treated with caly-
cosin (20,575–57-9, Sinopharm Chemical Reagent Co., 
Ltd., Shanghai, China) 50 mg/kg once a day by oral gav-
age [62]. The sham and OA groups received an equiva-
lent volume of physiological saline. The gastrectomy was 
performed at the same time of the day, and the rest of the 

diet and water are the same for free. The knee samples 
were harvested by cardiac perfusion after 4 weeks post-
operatively. Animals were anesthetized with 0.3% pento-
barbital (0.025 ml/mg) intraperitoneally so that they lost 
consciousness.

Safranin‑O/Fast green staining
Mice joint surfaces were fixed overnight with 4% para-
formaldehyde, then decalcified in 10% EDTA for 2 weeks, 
and finally embedded in paraffin. Sections  (5  μm) were 
cut from the paraffin blocks and stained with Safranin 
O (0.2%)/Fast Green (2%) solution (G1053, Servicebio, 
Wuhan, China). Osteoarthritis research society interna-
tional (OARSI) scoring system was used to assess joint 
pathology [63].

Toluidine blue staining
The sample preparation process was the same as above. 
Differently, the hydrated sections were stained with 0.5% 
toluidine blue (G1032, Servicebio) for 4  min at 37  °C. 
The tissues were then differentiated by 0.1% glacial ace-
tic acid and finally sealed for observation. under a Zeiss-
Axio Imager M2 fluorescence microscope (Carl Zeiss, 
Oberkochen, Germany).

Cell culture and grouping
The ADTC5 cells (HTX2518, OTWO, Shenzhen, China) 
were cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F-12) (L320KJ, Basal-
Media, Shanghai, China) supplemented with 10% fetal 
bovine serum (10,270,106, Gibco, CA, USA) and 1% Pen-
icillin–Streptomycin Solution 100 × (SL6040, Coolaber, 

Table 1  Overview of bioinformatic tools used in this article

Functions Tools Websites

Prediction of potential targets for Calycosin Similarity Ensemble Approach (SEA) http://​sea.​bkslab.​org/

Pharm Mapper http://​lilab-​ecust.​cn/​pharm​mapper/

STITCH http://​stitch.​embl.​de/

Traditional Chinese Medicine Systems Pharmacology 
(TCMSP)

http://​lsp.​nwu.​edu.​cn/​tcmsp.​php

Collection of Gene Targets for OA therapeutic target database (TTD) https://​db.​idrbl​ab.​org/​ttd/, September 29th, 2021

Drug Bank http://​www.​drugb​ank.​ca/

Online Mendelian Inheritance in Man (OMIM) https://​www.​ncbi.​nlm.​nih.​gov/​omim/

Gene Cards http://​www.​genec​ards.​org/

Construction of PPI Search Tool for Recurring Instances of Neighboring 
Genes (STRING)

http://​strin​g905.​embl.​de/, version11.0b

GO and KEGG Pathway Analysis Database for Annotation, Visualization, and Integrated 
Discovery (DAVID)

https://​davidd.​ncifc​rf.​gov/

Molecular Docking PubChem https://​pubch​em.​ncbi.​nlm.​nih.​gov/

Universal Protein Resource (UniProt) https://​www.​unipr​ot.​org/

Protein Data Bank (PDB) http://​www.​rcsb.​org/​pdb

http://sea.bkslab.org/
http://lilab-ecust.cn/pharmmapper/
http://stitch.embl.de/
http://lsp.nwu.edu.cn/tcmsp.php
https://db.idrblab.org/ttd/
http://www.drugbank.ca/
https://www.ncbi.nlm.nih.gov/omim/
http://www.genecards.org/
http://string905.embl.de/
https://davidd.ncifcrf.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.uniprot.org/
http://www.rcsb.org/pdb
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Beijing, China) at 37 ◦C in 5% CO2 (#3111, Thermo 
Fisher Scientific, MA, USA).

Cells contain 6 groups: normal control (CON) group, 
OA model (MOL) group, solvent control (DMSO) group 
and different dose of calycosin (CAL) groups. In order to 
simulate the pathological process of aseptic inflamma-
tion in chondrocytes ADTC5 cells in vitro, we used IL-1β 
(prp1119, Abbkine Scientific, Wuhan, China)10 ng/mL as 
a stimulation factor [64]. The cells were pretreated with 
different concentrations (0, 16, 32, and 64 µM) of calyco-
sin (A0514, MUST Biotechnology, Chengdu, China) with 
10  ng/mL IL-1β for 24  h. DMSO (CD4731C, Coolaber) 
control was performed at the same concentrations with 
32 µM.

Protein extraction
Protein extracts were prepared from mid-log phase cells. 
Briefly, mid-log phase cells were washed with ice-cold 
Phosphate-buffered saline (PBS, pH = 7.4), then scraped 
the cells and lysed on ice for 30 min in RIPA-lysis buffer 
(P0013B, Beyotime Biotechnology, Shanghai, China) sup-
plemented with a complete protease (P1050, Beyotime) 
and phosphatase (P1051, Beyotime) inhibitor cocktail. 
Extracts were clarified by centrifugation (12,000r for 
20 min at 4 °C) and were stored at − 80 °C until analysis. 
The BCA assay kit (P0011, Beyotime) was used to deter-
mine the protein concentration in each sample according 
to the manufacturer’s instructions.

SDS‑PAGE and Western blotting
Generally, 20μg of proteins were separated by 8% SDS-
PAGE gel electrophoresis and electro-transferred to 
a PVDF membrane. After blocking in 5% non-fat dry 
milk in 1 × TBST (10 mmol/L Tris, 150 mmol/L NaCl 
and 2ml Tween 20 in 2L pure water), the membrane was 
incubated with primary antibodies overnight and HRP-
conjugated secondary antibodies for 1  h. Protein bands 
were detected using ECL reagent and analyzed using the 
ChemiDoc XRS + imaging system (Bio-Rad, CA, USA). 
Western blot data were quantified with Image Lab soft-
ware for the ChemiDoc XRS system (Bio-Rad). The val-
ues for the target protein bands were normalized against 
GAPDH (#5174, Cell Signaling Technology). Statement: 
we apologize that unable to provide a full-length image 
due to technical ignore that the blots were cut before 
hybridisation with antibodies.

Immunofluorescence staining
For Immunofluorescence staining, paraffin-embedded 
tissue sections were subjected to a heat-mediated antigen 
retrieval procedure. To be specific, after sections were 
dried, dewaxed, and hydrated, they were heated to repair 
antigens. Antigens repair was performed with citric acid 

buffer (PH6.0) in a 92 °C water bath for 60 min and then 
restored at room temperature. Following that, tissue sec-
tions were incubated overnight with a primary antibody 
[(Col-2 pAb, #28,459–1-AP, Proteintech, Wuhan, China), 
(Sox-9 Rabbit mAb, #82,630, Cell Signaling Technology, 
MA, USA)] at 4  °C. The secondary antibody was then 
added to the sections, which were incubated for 60 min. 
The nucleus was counterstained with 75% DAPI (C0060, 
Solarbio) for 10 min. Finally, anti-fluorescence quencher 
was applied to seal the sections.

Cells were fixed with 4% paraformaldehyde for 20 min, 
washed with PBS, permeabilized with 0.1% Triton X-100 
in PBS for 10 min, and then blocked with 3% BSA (A8010, 
Solarbio). The primary antibodies were then incubated 
overnight in PBS at 4˚C, followed by an hour of incuba-
tion with the secondary antibodies at room temperature. 
The rest of the steps are the same as above.

Statistical analysis
Statistical analysis was processed with GraphPad Prism 
9.2 software. Data were analyzed by using one-way analy-
sis of variance (ANOVA) followed by post hoc Dunnett’s 
t-test for multiple comparisons and presented as the 
mean ± SD. A value of P < 0.05 was statistically significant.

Results
The contributions of calycosin to OA in vivo
The animal experimental design is illustrated in Fig.  2a. 
To evaluate the efficacy of calycosin (PubChem CID: 
5,280,448, Fig.  2b), we performed pathological stain-
ing of cartilage tissue, including Safranin O/Fast green 
and toluidine blue. Our results indicate that, in the sham 
group, sections were uniformly stained. Cartilage sur-
face was smooth and continuous, with oval or round-
shaped chondrocytes. The cartilage layer was thick and 
intact. However, the cartilage thickness and chondrocyte 
populations in the model group were lower than those in 
the sham group, which resulted in higher OARSI scores 
(Fig. 2c, d). It is noteworthy that these phenomena were 
reversed when treated with calycosin. The calycosin-
treated group shows superficial zone restoration, uni-
form staining, and regular distribution of chondrocytes 
(Fig.  2d). Col-2 and Sox-9 are the main proteins in car-
tilage. Immunofluorescence staining showed that Col-2 
and Sox-9 were reduced in the OA group but increased 
in the cartilage matrix after being treated with calycosin 
(Fig. 3).

Analysis of PPI Networks
Our screening strategy identified 234 calycosin-related 
and 1225 OA-related targets, respectively. Each pre-
dicted target occurs at least two times in different data-
bases. According to the Venn diagram, 58 overlapping 
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genes were identified (Fig.  4a). Protein–protein inter-
action (PPI) network of 55 nodes (3 isolated nodes are 
removed), 367 edges were established from the STRING 
database (confidence > 0.4, medium confidence) (Fig. 4b). 
To find the hub genes and clusters, the Cytohubba and 
MCODE plugins in Cytoscape were used. Accordingly, 
we identified two core clusters (Figure  A1a-b, Supple-
mentary figure) and 13 hub genes (Ccnd1, Mapk3, Tp53, 
Egfr, Hsp90aa1, Ptgs2, Tnf, Esr1, Vegfa, Mapk14, Igf1r, 
Ar, Alb) (Fig.  4c). Among them, 13 genes overlapped 
between the two plugins, including COX2, EGFR, and 
mitogen-activated protein kinase (MAPK14).

GO and KEGG Pathway Enrichment Analysis
We performed GO functional enrichment and KEGG 
pathway analysis using the DAVID database (a P < 0.01 
was considered Statistical significance). The GO terms 
were classified into three categories: biological process 
(BP), cellular component (CC); and molecular func-
tion (MF). Finally, 372 GO Terms (260 in GO_BP, 45 in 
GO_CC, and 67 in GO_MF) and 100 KEGG pathways 
were identified. The top 15 GO functional annotations 
were presented in Fig. 5a. The categories of GO_BP were 
response to positive regulation of transcription from 
RNA polymerase IIpromoter, signal transduction, nega-
tive regulation of apoptotic process, cytokine-mediated 
signaling pathway, response to drug, response to xeno-
biotic stimulus, positive regulation of MAPK cascade, 

and positive regulation of peptidyl-serine phosphoryla-
tion. The critical GO_CC were related to extracellular 
region, extracellular exosome, macromolecular complex, 
endoplasmic reticulum lumen and fcolin-1-rich granule 
lumen. The critical GO_MF were mainly enriched in the 
identical protein binding and enzyme binging. The San-
key plot indicates the related genes contained in the top 
10 GO terms, in which COX2, TNF, and AR occur six 
times (Fig. 5b). The KEGG annotations are mainly associ-
ated with pathways in cancer, prostate cancer, endocrine 
resistance, proteoglycans in cancer, chemical carcino-
genesis-receptor activation, and the PI3K-Akt signaling 
pathway, etc. (Fig. 6a, b).

Molecular Docking
The 12 hub targets (ALB was removed) and calycosin 
were used as receptors and ligand, respectively, for fur-
ther molecular docking to investigate the affinity between 
ligand and protein targets. The stability of the binding of 
the receptors and ligand depends on the binding affin-
ity. The lower the binding affinity, the more stable the 
binding conformation of the receptor and the ligand. 
Therefore, we selected the receptor with the lowest affin-
ity that binds to calycosin. The screening results are 
shown in Table  2, which revealed that COX-2 (Binding 
sites: GLY45, HIS39, CYS47, CYS36, GLY136, LEN153, 
GLN452, and PRO154), MAPK14 (Binding sites: 
SER293, LEU291, HIS199, ASP294, LEU246, ILE250, and 

Fig. 2  Calycosin alleviates osteoarthritis pathology. a Experimental design and animal grouping. b Chemical structure of calycosin. c OARSI 
scores. d Safranin O/Fast Green and toluidine blue staining showed calycosin reverses cartilage damage after ACLT. N = 10. Data are presented 
as the mean ± SD
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ALA255) and EGFR (Binding sites: SER14, SER201, and 
LYS207) could be representative proteins (Fig.  7). The 
interactions between calycosin and other potential tar-
gets are shown in Supplementary Figure  A2. These evi-
dences suggest that calycosin has the ability to co-target 
COX-2, EGFR and MAPK14.

Calycosin alleviates IL-1β induced inflammation in 
chondrogenic ADTC5 cells.

In chondrogenic ADTC5 cells, the proinflammatory 
cytokine IL-1β is markedly overexpressed in OA and 
mimics the chondrocyte inflammation model. ADTC5 
cells were exposed to IL-1β (10  ng/mL), which caused 
a considerable decrease in COX-2 and phospho-EGFR 
(p-EGFR) expression (Fig.  8a-c), while no significant 

changes of MAPK14 or p-MAPK14 (Figure A1, Supple-
mentary figure) were observed. In addition, compared 
to the OA group, ADTC5 chondrogenic cells showed a 
moderate decrease of MMP-9 when co-cultured with 
32  μM calycosin (Fig.  8d). In agreement with in  vivo 
experiments, immunofluorescence staining (Fig.  8e) 
demonstrated that Col-2 and Sox-9 were remarkably 
increased after calycosin treatment. The quantification 
analysis results were shown in Fig. 8 f-j.

Discussion
The prevalence of OA is increasing worldwide due to 
population aging. Cartilage degradation and chondro-
cyte damage play an important role in the pathological 

Fig. 3  Calycosin contributes to Articular Cartilage Repair. Representative images of immunofluorescence (20X) staining of Sox-9 (a) and Col-2 (c) 
in the articular cartilage. DAPI stain was used to label the nucleus. Quantitative analysis of the Sox-9 (b) and Col-2 (d) expression demonstrated 
fluorescence was decreased in the OA group, while enhancement after treated with calycosin. Groups: sham, OA and 50 mg/kg calycosin treatment 
groups. Data are presented as the mean ± SD
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mechanism of OA. Calycosin (PubChem CID: 5,280,448) 
is a typical active ingredient extracted from traditional 
Chinese medicine, but its mechanisms are unclear. We 
therefore explored the potential targets and underlying 
mechanisms of calycosin in the treatment of OA through 
network pharmacology and experimental validations. 
The present study suggests that calycosin contributes 
to cartilage repair, possibly associated with promoting 

Col-2 and Sox-9 levels in  vitro and in  vivo. In addition, 
calycosin can attenuate IL-1β-induced inflammation by 
inhibiting COX-2, p-EGFR, and MMP-9 expression in 
chondrogenic ADTC5 cells, thereby alleviating cartilage 
matrix degradation. These data indicate that calycosin 
improves chondrocyte inflammatory damage, attenuates 
cartilage degradation and is expected to be a potential 
drug candidate for OA treatment.

Fig. 4  Results of network pharmacology analysis. a Intersection gene targets mapping network and Venn diagram show 58 overlapped gene 
targets. b Protein–protein interaction (PPI) network. c Network Topology Map of 13 hub targets screened from Cytohubba and MCODE plugins. 
Network nodes represent proteins, edges represent protein–protein associations, node size means MCODE score, edge size means combined score
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Fig. 5  Results of GO enrichment analysis. a Top 15 significantly enriched GO functional annotations of intersection genes. b Sankey dot plot shows 
genes involved in the Top 10 GO terms
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According to the experiments and analysis of the hub 
genes and main significant KEGG pathways, the poten-
tial mechanisms of calycosin treatment of OA could be 
attributed to the following aspects.

Improve cartilage synthesis and catabolic imbalance
OA is a typical chronic inflammatory disease, and there 
is still no drug that can prevent the degenerative cascade 
reaction. With the aggravation of OA, the cracks on the 
surface of the cartilage deepened, ulcers formed, and 
gradually developed into deep cartilage tissue [65]. This 
is closely related to an imbalance between chondrocyte 
synthesis and catabolism, including excessive degrada-
tion of structural proteins such as Col-2 and increased 
synthesis of MMPs [66, 67]. Currently, the first-line 
drugs approved by the FDA are mainly NSAIDs, among 
which the COX-2 inhibitors can effectively relieve the 
pain. However, both traditional NSAIDs and selec-
tive COX-2 inhibitors have a certain degree of adverse 
reactions, which results in limited clinical application. 
Calycosin has been demonstrated to have various phar-
macological activities. It especially exhibits a strong anti-
inflammatory effect. On the one hand, since low-grade 
inflammation plays a critical role in the pathogenesis of 
OA, calycosin can inhibit inflammatory factors such as 
COX-2 to relieve OA. On the other hand, MMPs play 
a crucial role in the destruction of cartilage, calycosin 
decreases the MMP-9 produced by chondrocytes [66, 
68]. After being treated with calycosin, the expressions 
of Col-2 and Sox-9 are also increased. This contributes 
to cartilage collagen synthesis. Mice lacking EGFR in 
cartilage (Col2-Cre) exhibited reduced chondrocyte and 
synovial fluid secretion compared to their wild-type sib-
lings [67], demonstrating that EGFR is essential for main-
taining the homeostasis of articular cartilage. However, 

like some other growth factor signaling pathways, EGFR 
plays a dual role in articular cartilage. On the one hand, 
EGFR signaling can promote articular surface lubrication 
by increasing proteoglycan 4 (PRG4) [69]. On the other 
hand, EGFR signaling also plays a catabolic action by 
inhibiting the chondrogenic master transcription factor 
Sox-9 and stimulating MMP9 expression [70]. Therefore, 
further study is needed to determine the specific role that 
EGFR signaling plays in the OA process. Though caly-
cosin can decrease the phosphorylation levels of SRC, 
EGFR, ERK1/2, and Akt in breast cancer lines and men-
ingitis [63, 71], its role in chondrocytes remains unclear. 
Our results show that the binding capacity of calycosin 
with EGFR is consistent with previous studies [71, 72]. 
In this study, we report the beneficial aspects of inhibit-
ing EGFR, the effects of calycosin did not cause negative 
impacts. This phenomenon may be due to the various 
biological activities of calycosin. We have only discussed 
the anti-inflammatory effects here. Other.

pharmacological effects of OA are still worth exploring. 
For example, calycosin has been reported to have a strong 
osteogenic activity, it can inhibit bone resorption and 
stimulate bone formation [73, 74]. Another study shows 
that calycosin plays an anti-osteoporosis effect through 
the IGF1R/PI3K/Akt signaling pathway [30]. In addition, 
calycosin exerts estrogenic properties, which are also 
controversial in OA, probably related to interaction with 
EGFR. Therefore, the various physiological activities and 
mechanisms of calycosin need to be further studied.

Other possible anti‑OA mechanisms
Our findings provide insights into the relationship 
between OA and calycosin, the hub genes, and significant 
GO and KEGG pathways, which deserve further study.

Within hub genes, vascular endothelial growth fac-
tor A (VEGFA) has been shown to be involved in the 
OA process [75]. Increased expression of VEGFA was 
positively correlated with the secretion of ECM, includ-
ing collagen II and aggrecan [76]. In addition, age and 
gender occupied an unignored position among the 
well-established epidemiological risk factors of OA [1, 
77]. This phenomenon has attracted the attention of 
researchers who are interested in the role of estrogen in 
OA [78]. An investigation of OA combining transcrip-
tomic and proteomic characterization data revealed 
that the estrogen receptor agonists diethylstilbestrol 
and alpha-estradiol hold promise as therapeutic can-
didates and drug targets [79]. Calycosin, is a member 
of 7-hydroxyisoflavones and a member of 4’-methoxy-
isoflavones, showing a similar structure to estrogen 
estradiol and acts as a plant-derived phytoestrogen, it 
is functionally related to an isoflavone. In addition, it 
possesses estrogen-like activity [36]. Our results also 

Table 2  Docking results from AutoDock Vina

Hub Targets PDB ID Binding 
Affinity(kcal/
mol)

COX-2 5IKQ -9.5

MAPK14 6SFO -8.5

EGFR 2XKN -8.4

IGF1R 1P4O -8.3

MAPK3 4QTB -7.9

TP53 3ZME -7.5

TNF 5MU8 -7.5

ESR1 5ACC​ -7.2

AR 3FYW -6.7

VEGFA 4KZN -6.6

CCND1 6P8E -6.5

HSP90AA1 3O01 -6.2
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Fig. 6  Results of KEGG Pathway enrichment analysis. a, b Top 20 KEGG pathways with the lowest adjusted p values. The bar plot shows the -log10P 
values for the enriched KEGG pathways and the sub-circle plot shows up-regulated counts and rich factors. The X-axis is the count of the GO terms/
pathways, and the Y-axis is the name of the GO terms/pathways. The larger the circle, the greater the number of target genes in the GO terms/
pathways. The redder the color, the smaller the -log10 (p-value)
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indicate that calycosin has the capacity to bind with 
estrogen receptors ESR1, which makes it widely studied 
in cancers like breast cancer. Therefore, seeking alter-
native solutions to estrogen replacement therapy may 
benefit from phytoestrogen therapy due to its fewer 
side effects [80, 81]. In the present study, the phosph-
oinositide-3-kinase (PI3K)/Akt signaling pathway was 
significantly enriched. The PI3K-Akt signaling pathway 
plays a crucial role in OA, as does the mitogen-acti-
vated protein kinase (MAPK) signaling pathway. Stud-
ies have reported that the increased expression level of 
P-Akt can induce chondrocyte proliferation [82] and 
inhibition of phosphorylation of MAPK and NF-κB 
can inhibit the expression of COX-2, MMPs, iNOS 
in chondrocytes [83, 84]. It is reported that calycosin 
induces apoptosis in osteosarcoma cell lines via ERβ-
mediated PI3K/Akt signaling pathways. Recent studies 
have shown that NF-κB and PI3K/AKT are inhibited by 
calycosin in OA chondrocytes, suggesting that it may 
act as a protective agent against OA. [85]. The path-
ways and genes enriched in this paper are still valuable 
to be explored. Nevertheless, this paper does not verify 
the intersection targets involved one by one, it only 

provides a map of possible targets, which is the limita-
tion of our study.

In this paper, we explored the possible targets of caly-
cosin in the treatment of OA through bioinformatics 
mining. Furthermore, experiments indicated that calyco-
sin has therapeutic potential by targeting COX-2/EGFR. 
However, further research is needed before calycosin can 
be considered a therapeutic option for OA. In summary, 
by integrating network pharmacology and molecular 
experiments, we proposed a map of possible targets and 
a relatively low-risk approach to OA. These findings pro-
vide strong support for calycosin as a potential therapeu-
tic, in response to the global clinical challenge of OA.

Conclusions
Based on the above experimental results, we constructed 
a possible mechanism for calycosin in the treatment of 
OA. That is, calycosin can inhibit the COX-2/EGFR sign-
aling pathways and exert powerful anti-inflammatory 
properties to promote cartilage repair. Moreover, it up-
regulated Col-2 and Sox-9 levels in  vitro and in  vivo, 
thus rescuing chondrocyte synthesis and catabolism 
imbalance.

Fig. 7  Molecular docking results of calycosin and hub genes. a COX-2 (b) MAPK14 (c) EGFR. Different colors represent the different interactions
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Abbreviations
OA	� Osteoarthritis
Col-2	� Type II collagen
Sox-9	� SRY-Box Transcription Factor 9
COX-2	� Activate cycloxygenase-2
MMPs	� Matrix metalloproteinases
TNF-α	� Tumor necrosis factor- α
IL	� Interleukin;
EGFR	� Epidermal growth factor receptor
TGFα	� Transforming growth factor alpha

HB-EGF	� Heparin-binding epidermal growth factor-like growth factor
GWAS	� Genome-wide association studies
NSAIDs	� Anti-inflammatory drugs
TCM	� Traditional Chinese medicine
SEA	� Similarity Ensemble Approach
TCMSP	� Traditional Chinese Medicine Systems Pharmacology
TTD	� Therapeutic target database
OMIM	� Online Mendelian Inheritance in Man
STRING	� Search Tool for Recurring Instances of Neighboring Genes
PPI	� Protein–protein interaction

Fig. 8  Calycosin inhibits IL-1β induced inflammation in vitro. a ADTC5 cells groups and intervention. e Representative images 
of immunofluorescence staining of Col-2 and Sox-9. b-d Representative western blot bands of COX-2, EGFR and MMP-9 are shown in the CON, 
MOL, DMSO, and calycosin treatment groups. GAPDH was used as a loading control. The protein levels normalized with GAPDH were shown as fold 
change relative to the control group. f–h The quantification analysis of the expression levels of COX-2, p-EGFR and MMP-9. i, j Quantitative analysis 
of the Col-2 and Sox-9 immunofluorescence intensity in each group. Data are presented as the mean ± SD
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MCODE	� Molecular Complex Detection
GO	� Gene Ontology
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DAVID	� The Database for Annotation, Visualization, and Integrated 

Discovery
ACLT	� Anterior cruciate ligament transected
OARSI	� Osteoarthritis research society international
DMEM/F-12	� Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
CON	� Control
MOL	� Model
CAL	� Calycosin
PBS	� Phosphate-buffered saline
ANOVA	� Analysis of variance
BP	� Biological process
CC	� Cellular component
MF	� Molecular function
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