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Naringenin (NAR), a natural flavonoid, exerts anti-inflammatory and antioxidant pharmacology. 
However, the pharmacological mechanisms through which NAR prevents and treats intervertebral 
disc degeneration (IDD) remain unclear. We utilized bioinformatics, machine learning, and network 
pharmacology to identify shared targets among NAR, senescence, and IDD. Subsequently, molecular 
docking was conducted to evaluate NAR’s binding affinity to common target. Additionally, we used 
IL-1β to induce senescence and degeneration in nucleus pulposus cells (NPCs) and conducted a series 
of cellular assays, including immunoblotting, immunofluorescence, β-galactosidase staining, cell 
proliferation, cell cycle analysis, and measurement of reactive oxygen species levels, to investigate 
NAR’s impact on IL-1β-induced senescence and degeneration of NPCs. Our study revealed that 
Insulin-like growth factor binding protein 3 (IGFBP3) was the only common target. IGFBP3 exhibited 
significant differences between the IDD and healthy groups and proved to be an effective diagnostic 
marker for IDD. Molecular docking confirmed the binding between NAR and IGFBP3. In vitro 
experiments, we observed that Igfbp3 expression increased in the senescence and degeneration 
groups. Igfbp3 knockdown and NAR attenuated IL-1β-induced senescence and degenerative 
phenotypes in NPCs. In contrast, the effect of NAR was attenuated by recombinant IGFBP3 protein. 
In conclusion, our findings suggest that NAR plays a preventive and therapeutic role in IDD, likely 
achieved through the inhibition of Igfbp3 expression.
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LASSO	� Least absolute shrinkage and selection operator
SVM	� Support vector machine
ROC	� Receiver operating characteristic
AUC	� Area under the curve
SA-β-Gal	� Senescence-associated β-galactosidase
ROS	� Reactive oxygen species

Intervertebral disc (IVD) degeneration (IDD) represents a pervasive age-associated health issue, often identified 
as the principal causative factor of lumbar back pain1,2. Research indicates that > 70% of the world’s population 
will encounter lumbar back pain at some juncture in their lives3,4, leading to significant global economic 
repercussions5–7. The IVD primarily consists of the fibrous annulus, nucleus pulposus (NP), and cartilaginous 
endplate, linking adjacent vertebrae8,9. Any compromise to these components can trigger IDD. The pathogenesis 
of IDD is profoundly complex, involving many biological processes, such as cellular senescence, inflammatory 
responses, oxidative stress, and cellular apoptosis10,11. Over the past three decades, extensive research has aimed 
at ameliorating IDD12–14. Unfortunately, current therapeutic approaches are inadequate to treat IVD or inhibit 
degeneration in IDD15. Therefore, effective strategies are urgently needed for preventing and treating IDD.

Cell senescence refers to the state where the cell cycle is continuously arrested, preventing cells from 
proliferating normally16. Another prominent feature of senescent cells is the senescence-associated secretory 
phenotype (SASP)17, which stimulates adjacent cells to accelerate their own aging through autocrine and 
paracrine pathways18. Senescence is indispensable for IDD onset and progression. Senescent cells accumulated 
within the IVD drive IDD progression19,20. Despite constituting a relatively small proportion within the IVD, 
NP cells (NPCs) play an irreplaceable role in maintaining the structural and functional integrity of the IVD21. 
Studies have shown that during the occurrence and development of IDD, senescent NPCs gradually increase in 
number, severely affecting the synthesis of the extracellular matrix (ECM) within IVD, thereby accelerating IVD 
degeneration18. During IVD degeneration, IL-1β levels significantly increase in degenerated IVD tissues. IL-1β 
is involved in various pathological processes, including ECM degradation, oxidative stress, and cell senescence22. 
Therefore, inhibiting IL-1β-induced oxidative stress and senescence is a potential strategy to prevent IDD 
progression.

Naringenin (NAR) is natural flavonoid, predominantly found in citrus fruits23, especially grapefruit24. 
NAR has anti-inflammatory25, antioxidant23, and anti-fibrotic effects26, exerting potent protective roles in the 
management of heart disease, liver disorders, metabolic irregularities, etc27,28. Studies have shown that NAR 
offers protection against iron overload-induced osteoarthritis by inhibiting oxidative stress29. NAR improves 
vascular health and mitigates atherosclerosis by activating SIRT130. In a rodent colitis model, NAR provides 
protective effects by reducing the production of inflammatory cytokines, such as tumor necrosis factor-α, IL-1, 
and IL-631. However, studies on the roles of NAR in antiaging and antidegeneration in NPCs are lacking.

Network pharmacology is an interdisciplinary field that integrates bioinformatics, computational biology, and 
pharmaceutical research. It discerns latent pharmaceutical targets, elucidating the mechanisms of drug action 
and facilitating the development of innovative treatments for specific medical conditions32. Bioinformatics, an 
interdisciplinary field, uses methodologies and techniques from biology, computer science, and mathematics 
to collect, store, analyze, and interpret biological data33. Therefore, combining network pharmacology with 
bioinformatics in traditional Chinese medicine research may be effective for identifying therapeutic targets in 
IDD. This study integrated network pharmacology and bioinformatics to reveal the potential pharmacological 
impact of NAR in delaying aging and degeneration in NPCs by inhibiting insulin-like growth factor binding 
protein 3 (Igfbp3) expression. Additionally, the mechanism was confirmed through using an IL-1β-induced 
model of aging and degeneration in NPCs.

Materials and methods
Data collection and preprocessing
A search was performed in the GEO database using the keyword “intervertebral disc degeneration” under the 
specified conditions of “Series” and “Homo sapiens.” The GSE56081, GSE70362, and GSE23130 datasets were 
chosen for analysis. GSE56081 comprised 5 normal and 5 degenerated samples; GSE70362 included 8 normal 
and 10 degenerated samples; and GSE23130 contained 6 normal and 8 degenerated samples. To merge the 
GSE56081 and GSE70362 datasets into a single dataset, normalization and batch effect removal techniques were 
applied using the “limma” and “sva” packages in R language. The merged dataset served as the training group, 
whereas the GSE23130 dataset served as the test group.

A search was conducted in the Traditional Chinese Medicine Systems Pharmacology Database and Analysis 
Platform (TCMSP; https://tcmspw.com)34, DrugBank database (https://go.drugbank.com), Search Tool for 
Interactions of Chemicals database (STITCH; https://stitch.embl.de), and SwissTargetPrediction database 
(http://www.swisstargetprediction.ch)35 to retrieve targets associated with “NAR.” The relevant targets were 
transformed into their corresponding gene names through the UniProt database (https://www.uniprot.org/). 
Human aging related genes (ARGs) were obtained from GenAge: The Aging Gene Database (​h​t​t​p​s​:​​/​/​w​w​w​.​​g​e​n​o​
m​i​​c​s​.​s​e​n​​e​s​c​e​n​​c​e​.​i​n​f​​o​/​g​e​n​e​​s​/​i​n​d​e​​x​.​h​t​m​l)36. All the study was performed in accordance with relevant guidelines 
and regulation.

Differential analysis and enrichment analysis
Differential analysis was performed using the “limma” package in the R programming language to identify 
differentially expressed genes (DEGs) in the training and test group datasets. The DEGs were visualized 
with volcano plots and heatmaps utilizing “pheatmap,” “dplyr,” “ggplot2,” and “ggrepel” packages. Functional 
enrichment analysis using gene ontology (GO) of the DEGs was performed using “colorspace,” “stringi,” 
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“ggplot2,” and “GOplot” in R. We performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis on the DEGs using “clusterProfiler,” “org.Hs.eg.db,” and “enrichplot” packages and obtained 
images from KEGG37–39.

Screening for disease diagnostic marker genes
Least absolute shrinkage and selection operator (LASSO) is a statistical technique used for linear regression and 
feature selection. It combines the merits of ridge regression and stepwise regression to shrink model parameters 
and select variables by restricting the coefficients40. LASSO possesses the advantage of automatically selecting 
the most pertinent features when identifying disease signature genes, reducing model complexity and enhancing 
interpretability. Support vector machine (SVM) is a supervised learning algorithm extensively used for 
classification and regression, exerting significant influence in machine learning. SVM operates on the principle 
of identifying an optimal hyperplane that maximally separates disease samples from normal samples. SVM can 
handle high-dimensional data, exhibit superior generalization ability, and provide deeper insights into disease 
characteristics, demonstrating adaptability to nonlinear problems41. In this study, LASSO, in combination with 
SVM, was used to screen DEGs for IDD-associated disease signature genes, facilitating subsequent analysis.

Screening and validation of core genes
In this study, important genes extracted from the analysis were identified as core genes through the intersecting 
analysis of ARGs, NAR-related targets, and diagnostic markers identified through LASSO regression and SVM 
techniques. Subsequently, variance in core gene expression was authenticated in training and test groups. The 
precision of using the core gene expression to forecast IDD status was evaluated through receiver operating 
characteristic (ROC) curves. Diagnostic efficacy was satisfactory when area under the curve (AUC) was > 0.7.

Molecular docking
The crystal structure of IGFBP3 was retrieved from the RCSB PDB database and processed using Schrödinger 
software, involving a multistep approach encompassing ligand state regeneration, optimization of H-bond 
assignments, energy minimization, and solvent removal. Subsequently, NAR’s 2D sdf structure was processed 
and expanded to 3D chiral conformations using Schrödinger’s LigPrep module. The SiteMap module identified 
optimal binding sites, and the receptor grid generation module configured an enclosing box for precise site 
mapping. Active sites within IGFBP3 were determined based on this information. Finally, molecular docking 
was performed between processed NAR and IGFBP3’s active site, followed by MM-GBSA calculations to 
approximate binding free energy. Lower MM-GBSA dG bind values indicated greater ligand–protein binding 
stability.

Cell culture
Anesthetizing 4-week-old C57 mice (purchased from Changsha Tianqin Biotechnology Co.) with sodium 
pentobarbital (30  mg/kg), followed by euthanizing them using the cervical vertebra dislocating method. 
The lumbar and caudal vertebrae were collected, surrounding soft tissues were removed, and gelatinous NP 
tissues were extracted from the IVDs, then finely minced under aseptic conditions into pieces measuring 
1 mm³, enzymatically digested using 0.25% EDTA-free trypsin (Solarbio, Beijing, China) at 37 °C for 30 min, 
and centrifuged to remove the supernatant. NP tissues were further digested with collagenase II (Solarbio, 
Beijing, China) at a concentration of 2 mg/mL for 6 h at 37 °C on a shaker. NPCs were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 15% fetal bovine serum (TransGen Biotech, Beijing, China) and 
1% penicillin–streptomycin (Beyotime Biotechnology, Shanghai, China) at 37 °C with 5% CO2. Once the cell 
density reached 90%, the cells were passaged, and only the first 3–5 generations were utilized for subsequent 
experiments. The animal studies involved in this study were approved by the Ethics Committee of the First 
Affiliated Hospital of Nanchang University. The ethics number is CDYFY-IACUC-202308QR034. All animal 
studies were performed in accordance with ARRIVE guidelines, and all methods were performed in accordance 
with the relevant guidelines and regulations42.

Cell treatment and transfection
For the in vitro modeling of cellular senescence and degeneration, NPCs were exposed to 0, 10, and 20 ng/mL 
IL-1β (PeproTech, USA) for 48 h. To assess NAR’s role in antiaging and antidegeneration, NPCs were treated 
with NAR (Selleck, USA) (0, 25, and 50 µM) or recombinant IGFBP3 (PeproTech, USA) (50 ng/mL) for 48 h.

To interfere with the expression of Igfbp3, we procured Igfbp3-targeting siRNAs (si-1 and si-2) and a non-
targeting siRNA (si-NC) (GenePharma, China). NPCs were transfected with targeted or non-targeted siRNA 
duplexes using Lipofectamine 3000 siRNA Transfection Reagent (Thermo Fisher, USA). Cell harvesting for 
subsequent experiments occurred 48 h after transfection. siRNA sequences used in this study are detailed in 
Table 1.

CCK-8
In total, 5 × 103 primary mouse neural progenitor cells were seeded in 96-well plates and exposed to 0, 10, 20, 
50, and 100 µg/mL of NAR for 24 and 48 h. Cells in each well were incubated with 10 µL of CCK-8 assay reagent 
(Bioss, Beijing, China) at 37  °C in a cell incubator for 2  h, following the manufacturer’s guidelines. Finally, 
absorbance at 450 nm was measured using a multifunctional microplate reader (Thermofisher, USA).

Western blotting
Treated mouse NPCs were lysed using RIPA lysis solution supplemented with 1/100 of phenylmethylsulfonyl 
fluoride (Solarbio, Beijing, China). Cellular proteins were extracted through centrifugation at 4 °C, separated 
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using ExpressCast PAGE color gels (NCM Bioteth, Suzhou, China), and transferred to polyvinylidene fluoride 
membranes under constant current. The membranes were blocked using 5% skimmed milk in Tris-buffered 
saline with Tween-20 at room temperature for 1  h, incubated with primary antibodies overnight at 4  °C, 
washed three times with TBST, and incubated with secondary antibodies at room temperature. Protein bands 
were detected using a multicolor fluorescence and chemiluminescence gel imaging system (Bio-Rad, USA). 
The following antibodies were used in this experiment: anti-Col2a1 ( ABclonal, A1560, 1:1000, China), anti-
Igfbp3 (Proteintech, 10189-2-AP, 1:500, China ), anti-Mmp13 (Servicebio, GB11247-1-100, 1:1000, USA), 
anti-p21 (Proteintech, 10355-1-AP, 1:1000, USA), anti-p16 (Proteintech, 10883-1-AP, 1:1000, USA), anti-Gapdh 
(Proteintech, 10494-1-AP, 1:200000, China), anti-mouse and anti-rabbit secondary antibodies (Proteintech, 
RGAM001/RGAR001, 1:5000, China ). Whole uncut membranes were utilized to detect multiple proteins within 
a single batch of protein samples. Following protein detection using the imaging system, the membrane was 
stripped using Restore™ PLUS Western Blotting Stripping Buffer (Thermo Fisher Scientific, USA). Once the 
membrane was thoroughly cleared of primary and secondary antibodies, it was subsequently blocked using 5% 
skimmed milk and incubated with another primary antibody using a similar procedure to the previous method.

Quantitative real-time PCR analysis
Total RNA was extracted from cells treated with TBHP or luteolin (EZBioscience, USA), according to the 
manufacturer’s instructions. In brief, the cells were washed with PBS and lysed in lysis buffer. An equal volume 
of anhydrous ethanol was added to the lysed cells, thoroughly mixed, and collected in a centrifuge column for 
centrifugation at 12,000 rpm in 4 ℃. Then, 500 µL of wash buffer was introduced into the centrifuge column 
for RNA purification. After centrifugation, the waste liquid in the outer column was discarded, and 20 µL of 
elution buffer was applied to the inner column. Subsequently, 1 µg of RNA was reverse transcribed into cDNA 
according to the manufacturer’s instructions (Yesen, Shanghai, China). Quantitative real-time PCR (qRT-PCR) 
was performed in a real-time fluorescence quantitative PCR instrument (Bio-Rad, USA). The sequences of all 
primers used in this study are detailed in Table 2.

Immunofluorescence
NPCs cultured in confocal Petri dishes were washed three times with precooled PBS, fixed with fresh 4% 
paraformaldehyde for 15  min, washed with PBS, permeabilized with 0.2% Triton X-100 for 5  min at room 
temperature, washed with PBS, and blocked with 1% BSA for 1 h at room temperature. Then, cells were incubated 
with Col2a1 (1:250; Proteintech, Wuhan), or aggrecan (1:500; Proteintech, Wuhan) primary antibodies 
overnight at 4 °C, followed by incubation with secondary antibodies coupled with fluorescent dyes for 1 h at 
room temperature away from light. Nuclei were stained with DAPI for 15 min at room temperature away from 
light. Cells were imaged with a high-resolution laser confocal scanning microscope (LEICA, Germany).

Gene Primer sequences (5′–3′)

Igfbp3 Forward primer: ​C​C​A​G​G​A​A​A​C​A​T​C​A​G​T​G​A​G​T​C​C
Reverse primer: ​G​G​A​T​G​G​A​A​C​T​T​G​G​A​A​T​C​G​G​T​C​A

Il-6 Forward primer: ​T​A​G​T​C​C​T​T​C​C​T​A​C​C​C​C​A​A​T​T​T​C​C
Reverse primer: ​T​T​G​G​T​C​C​T​T​A​G​C​C​A​C​T​C​C​T​T​C

Mmp3 Forward primer: ​A​C​A​T​G​G​A​G​A​C​T​T​T​G​T​C​C​C​T​T​T​T​G
Reverse primer: ​T​T​G​G​C​T​G​A​G​T​G​G​T​A​G​A​G​T​C​C​C

Cxcl10 Forward primer: ​C​C​A​A​G​T​G​C​T​G​C​C​G​T​C​A​T​T​T​T​C
Reverse primer: ​G​G​C​T​C​G​C​A​G​G​G​A​T​G​A​T​T​T​C​A​A

Ccl2 Forward primer: ​T​T​A​A​A​A​A​C​C​T​G​G​A​T​C​G​G​A​A​C​C​A​A
Reverse primer: ​G​C​A​T​T​A​G​C​T​T​C​A​G​A​T​T​T​A​C​G​G​G​T

Nfe2l2 Forward primer: ​T​C​T​T​G​G​A​G​T​A​A​G​T​C​G​A​G​A​A​G​T​G​T
Reverse primer: ​G​T​T​G​A​A​A​C​T​G​A​G​C​G​A​A​A​A​A​G​G​C

Gpx3
Sod2
Gapdh

Forward primer: ​C​C​T​T​T​T​A​A​G​C​A​G​T​A​T​G​C​A​G​G​C​A
Reverse primer: ​C​A​A​G​C​C​A​A​A​T​G​G​C​C​C​A​A​G​T​T
Forward primer: ​C​A​G​A​C​C​T​G​C​C​T​T​A​C​G​A​C​T​A​T​G​G
Reverse primer: ​C​T​C​G​G​T​G​G​C​G​T​T​G​A​G​A​T​T​G​T​T
Forward primer: ​A​G​G​T​C​G​G​T​G​T​G​A​A​C​G​G​A​T​T​T​G
Reverse primer: ​T​G​T​A​G​A​C​C​A​T​G​T​A​G​T​T​G​A​G​G​T​C​A

Table 2.  Primers used in the study.

 

siRNA sequences (5′–3′)

Si-1 Sense : ​A​C​C​G​A​G​U​G​A​C​C​G​A​U​U​C​C​A​A​G​U​T​T
Anti-sense: ​A​C​U​U​G​G​A​A​U​C​G​G​U​C​A​C​U​C​G​G​U​T​T

Si-2 Sense: ​G​C​U​G​G​U​G​U​G​U​G​G​A​C​A​A​G​U​A​U​G​T​T
Anti-sense: ​C​A​U​A​C​U​U​G​U​C​C​A​C​A​C​A​C​C​A​G​C​T​T

Si-NC Sense: ​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U​T​T
Anti-sense: ​A​C​G​U​G​A​C​A​C​G​U​U​C​G​G​A​G​A​A​T​T

Table 1.  siRNA sequences.
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Senescence-associated β-galactosidase staining
For senescence-associated β-galactosidase (SA-β-Gal) staining, NPCs were stained with β-galactosidase 
following the guidelines provided by the manufacturer (Solarbio, Beijing, China). Briefly, IL-1β- and NAR-
treated NPCs cultured in 6-well plates were washed three times with PBS. Subsequently, each well was fixed with 
1 mL of β-Gal fixative at room temperature for 15 min, washed three times with PBS, and incubated overnight 
with β-Gal solution at 37 °C. The cells were observed and imaged using a light microscope (ZEISS, Germany).

Cell proliferation assay
NPCs were subjected to the 5-ethynyl-2′-deoxyuridine (Edu) assay in accordance with the manufacturer’s 
instructions (Beyotime, Shanghai, China). Briefly, an equal volume of Edu reagent was added to IL-1β-treated 
and NAR-treated NPCs cultured in 96-well plates. The cells were incubated for 2 h at 37 °C in a cell incubator. 
The culture solution was removed, and the cells were fixed with 4% paraformaldehyde at room temperature for 
15 min, washed three times with PBS, incubated with PBS containing 0.3% Triton X-100 at room temperature 
for 15 min, and washed three times with PBS, and incubated with the click reaction solution for 30 min at room 
temperature, protected from light. Cells were incubated with Hoechst 33,342 for 10 min at room temperature 
(shielded from light) to stain nuclei, thoroughly washed with PBS, and observed and imaged using an inverted 
fluorescence microscope (ZEISS, Germany).

Cell cycle
Cell cycle conditions were examined with a cell cycle analysis kit (Dojindo, Japan), according to the manufacturer’s 
instructions. Drug-treated or transfected cells were stained using a combination of propidium iodide and RNase 
for 30 min at 4 °C in dark. This was followed by an additional incubation period of 30 min at 37 °C shielded from 
light. Ultimately, the assessment was performed using flow cytometry equipment (Agilent, USA).

Measurement of intracellular reactive oxygen species
Total intracellular reactive oxygen species (ROS) were detected using ROS Assay Kit-Highly Sensitive DCFH-
DA (Dojindo, Japan). Briefly, in cells were treated with drugs or transfections were incubated with a working 
solution of the highly sensitive DCFH-DA dye for 30  min at 37℃. The cells were thoroughly washed and 
analyzed by flow cytometry (Agilent, USA) or fluorescence microscopy (ZEISS, Germany).

Statistical analysis
GraphPad Prism 9.0 software was used for statistical analysis. Quantitative data are expressed as the 
mean ± standard deviation. Two-tailed Student’s t test and one-way analysis of variance with the Mann–Whitney 
test were conducted for statistical analysis. Statistical significance was set at P < 0.05.

Results
Identification of DEGs
The datasets GSE56081 and GSE70362 were normalized using the “limma” package in R. Differences between 
the two datasets caused by different batches and time points were removed using the “sva” package. The 
datasets were merged into the training group dataset for differential analysis (Fig. 1A,B). In total, 109 DEGs 
were obtained from the IDD and control groups using the “limma” package in R. Notably, 60 DEGs showed 
increased expression and 49 had decreased expression. The DEGs were visualized using the “pheatmap” package 
(Fig. 1C,D).

Enrichment analysis of DEGs
GO enrichment analysis and KEGG enrichment analysis were conducted on 109 DEGs to elucidate their 
function. GO analysis revealed enrichment in biological processes, such as positive regulation of angiogenesis, 
positive regulation of vasculature development, collagen fibril organization, negative regulation of osteoblast 
differentiation, regulation of angiogenesis, lymph vessel development, regulation of vasculature development, 
and cartilage development (Fig.  2A). KEGG analysis showed enrichment in signaling pathways, including 
mineral absorption, transcriptional misregulation in cancer, p53 signaling pathway, glycosphingolipid 
biosynthesis—lacto and neolacto series, Staphylococcus aureus infection, protein digestion and absorption, 
tryptophan metabolism, and pyruvate metabolism (Fig. 2B).

Identification of diagnostic markers in IDD
To acquire diagnostic marker genes for IDD, we analyzed 109 DEGs using LASSO and SVM (Fig. 3). LASSO 
identified 15 genes most strongly correlated with IDD: MED11, MGP, CYP1B1, BTG2, EMILIN1, MROH1, 
GREM1, ITGB1BP1, EFNB2, SLC16A3, LDHC, LRRC10B, NOS1AP, PWAR6, and IGFBP3 (Fig.  3A,B). By 
contrast, SVM identified 11 genes closely linked to IDD: MED11, IGFBP3, CYP1B1, SLC16A3, BTG2, PWAR6, 
EMILIN1, LDHC, MT1F, STARD10, and LRRC10B (Fig. 3C,D).

Identification and validation of core genes
To identify core genes, we initially acquired 502 ARGs from The Aging Gene Database (Fig. 4A). Merging targets 
sourced from the TCMSP Database, DrugBank Database, STITCH Database, and SwissTargetPrediction database 
yielded 142 targets associated with NAR (Fig. 4A). The intersection of 502 ARGs, 142 NAR-related targets, and 
diagnostic marker genes yielded IGFBP3 (Fig. 4A). R language was used to examine differential expression of 
IGFBP3 in training and verification group datasets. IGFBP3 expression was substantially upregulated in the IDD 
group (Fig. 4B,C). The ROC curve validated the diagnostic efficacy of IGFBP3 (AUC > 0.7), signifying notable 
diagnostic value of IGFBP3 for IDD (Fig. 4D).
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Igfbp3 expression was upregulated in IL-1β-induced NPCs in senescence and degeneration
In the context of an IL-1β-induced cellular senescence and degeneration model, we validated the differential 
expression of Igfbp3. We used Col2a1 as an IF marker and identified primary NPCs, each showing unique Col2a1 
expression (Fig. 5A). IL-1β treatment revealed significant findings: Igfbp3, P21, P16, and Mmp13 expression 
increased and Col2a1 expression decreased with increasing IL-1β concentration (Fig. 5B). At 20 ng/mL, IL-
1β induced significant protein alterations, leading to its selection for subsequent experiments. Furthermore, 
we explored the effect of IL-1β on NPCs, evaluating SA-β-Gal activity and conducting immunofluorescence 
analysis. The results demonstrated that IL-1β substantially increased SA-β-Gal activity (Fig. 5C) and decreased 
aggrecan expression (Fig.  5D). Collectively, these findings indicate that IL-1β-induced NPCs exhibit clear 

Fig. 1.  Datasets preprocessing and differential expression. (A) Distribution of merged data before batch 
correction. (B) Distribution of merged data after batch correction. (C) Volcano and (D) Heatmaps of genes 
differentially expressed in merged datasets after batch correction. IDD Intervertebral disc degeneration.
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signs of cellular aging and degeneration in vitro, accompanied by increased Igfbp3 expression in the aging and 
degenerating NPCs.

Igfbp3 knockdown alleviates IL-1β-induced senescence and degeneration of NPCs
To investigate the influence of Igfbp3 on senescence and degeneration in IL-1β-induced NPCs, we used siRNA 
to suppress Igfbp3 expression in NPCs. We found that si-1 had the highest efficiency in suppressing Igfbp3 
mRNA and protein expression (Fig. 6A,B) and used it for subsequent experiments. NPCs were treated with 20 
ng/mL IL-1β or si-1. Western blot analysis to examine the expression of proteins associated with senescence 
markers and ECM balance showed that Igfbp3 depletion decreased P21, P16, and Mmp13 expression and 
increased Col2a1 expression (Fig. 6C). Additionally, Igfbp3 suppression enhanced NPC proliferation (Fig. 6D) 
and reduced SA-β-Gal activity (Fig. 6E).

Binding of NAR to IGFBP3
NAR, an intrinsic flavanone with a molecular formula of C15H12O5 (Fig. 7A), was evaluated for its binding 
to IGFBP3. This assessment involved molecular docking at the active site of IGFBP3, followed by subsequent 
MM-GBSA computational analysis. The docking results revealed an MM-GBSA dG Bind of -27.82 kcal/mol, 
indicating low binding free energy. NAR was found to bind to the active pocket surface of IGFBP3, making 
hydrophobic interactions with LEU139, ALA138, LEU134, LEU110, and LEU137 and forming hydrogen bonds 
with GLU162, SER136, SER112, and LEU113 (Fig. 7B,C). Results of the CCK-8 assay indicated that < 50 µM 
NAR had no discernible impact on NPC viability (Fig. 7D). Therefore, subsequent experiments were conducted 
using 50 µM NAR.

Fig. 2.  Functional enrichment analysis of DEGs. (A) Results of GO enrichment. (B) Results of KEGG 
enrichment.
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NAR reduced Igfbp3 expression and alleviated IL-1β-induced NPC senescence and 
degeneration
Treatment of NPCs with 20 ng/mL IL-1β or two concentrations of NAR (25 or 50 µM) reduced Igfbp3 expression 
and mitigated IL-1β-induced senescence and degeneration. This reduction was concentration dependent and 
correlated with decreased expression of Igfbp3/Mmp13 and senescence-associated proteins P16/P21, coupled 
with an increase in Col2a1 expression (Fig. 8A). Furthermore, we observed alleviation of IL-1β-induced inhibition 
of cellular proliferation (Fig. 8B), increase in aggrecan expression (Fig. 8C), reduction in the expression of SASP 
genes (Il-6, Mmp3, Cxcl10, and Ccl2) (Fig. 8D), and attenuation of G0/G1 cell cycle arrest (Fig. 9).

NAR reduced ROS production and increased antioxidant enzyme activity
Excessive levels of ROS can lead to significant oxidative damage, accelerating aging43. ROS-induced cellular 
senescence and apoptosis are crucial factors in the development of IDD44. Considering this, our investigation 
aimed to determine whether NAR could inhibit ROS production and provide a protective effect. Flow cytometry 
results demonstrated that IL-1β substantially increased intracellular ROS generation, whereas NAR significantly 
reduced overall ROS production (Fig.  10A ). Regulation of the enzymatic antioxidant system is vital for 
maintaining ROS homeostasis42. Our qRT-PCR results revealed that IL-1β significantly downregulated the 
expression of antioxidant enzyme-related genes (Nfe2l2, Gpx3, and Sod2), with NAR partially restoring the 
expression of these genes (Fig. 10B).

Fig. 3.  Screening for diagnostic marker genes by machine learning. (A,B) Results of the lasso screening. (C,D) 
Results of the SVM screening.
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IGFBP3 reduced the therapeutic potential of NAR in addressing cellular senescence and 
degeneration
Treatment with standard concentrations of IL-1β (20 ng/mL) and recombinant IGFBP3 (50 ng/mL) or NAR 
(50 µM) showed that NAR inhibited the expression of Mmp13 and P21/P16 and promoting Col2a1 expression. 
However, recombinant IGFBP3 weakened this effect by increasing the expression of Mmp13 and P21/P16 and 
decreasing Col2a1 expression (Fig.  11A). Additionally, recombinant IGFBP3 impaired the ability of NAR to 
inhibit the activity of SA-β-Gal (Fig. 11B) and promote aggrecan expression (Fig. 11C).

Discussion
IDD significantly contributes to the deterioration of quality-of-life and onset of chronic debilitation in middle-
aged and elderly individuals46–48. Studies have revealed that IDD onset and progression are influenced by various 
factors, including aging, oxidative stress, inflammation, genetics, and the dynamic environment49. The diagnosis 
of IDD relies on a combination of diagnostic imaging techniques and clinical symptomatology50. However, 
the early stages of the disease are usually asymptomatic; therefore, patients with IDD are usually diagnosed in 

Fig. 4.  Identification and validation of core genes. (A) Core genes are screened by taking the intersection of 
ARGs, NAR-related targets, and diagnostic marker genes from machine learning screening. (B) Validation of 
differential expression of the core gene IGFBP3 in the training set dataset. (C) Differential expression of the 
core gene IGFBP3 in the validation set dataset. (D) Validation of the diagnostic efficiency of IGFBP3.

 

Scientific Reports |         2025 15:6780 9| https://doi.org/10.1038/s41598-025-90909-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the later stages51. The identification of genetic markers with diagnostic potential holds great promise for early 
detection and intervention in IDD, surpassing the dependence on radiological examinations52. Consequently, 
the application of bioinformatics to analyze genomic data for the identification of diagnostic genetic markers is 
promising.

Fig. 5.  Modeling of cellular senescence and degeneration and expression of Igfbp3 protein. (A) Identification 
of NPCs. (B) Western blot analysis of Col2a1, Mmp13, Igfbp3,P21 and P16 protein levels in NPCs treated with 
different concentrations of IL-1β. (C) SA-β-Gal staining of NPCs treated with or without.
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Differential analysis of the training group dataset identified 60 DEGs with increased expression and 49 DEGs 
with decreased expression in the context of IDD. GO enrichment analysis of the 109 DEGs showed notable 
enrichment promoting angiogenesis, organizing collagen fibrils, and developing cartilage. Angiogenesis plays 
a critical role in repairing degenerated IVDs53. Zeldin et al. utilized second harmonic generation imaging and 
sophisticated image processing algorithms to quantify collagen in the IVD, establishing a strong correlation 
between collagen fibril organization and IDD54. KEGG analysis showed that the DEGs had a close relationship 
with S. aureus infection and p53 signaling. S. aureus infection within the IVD accelerated IDD progression55–57, 
whereas inhibition of P53 significantly slowed IDD progression58. In addition, diagnostic marker genes identified 
by LASSO regression and SVM were intersected with 142 NAR targets and 502 ARGs. IGFBP3 was selected as 
the core gene for this study. Differential analysis of the training and validation group datasets indicated an 
increase in IGFBP3 expression in IDD. The diagnostic efficacy of IGFBP3 was evaluated through ROC curve 
analysis, revealing its significant diagnostic accuracy.

The progression of IDD is intricately linked to the IL-1β-induced inflammatory response59. As a member 
of the IL-1 family, IL-1β exhibits potent proinflammatory properties, initiating the production of various 
proinflammatory factors60. Moreover, IL-1β expedites IDD advancement by contributing to ECM degradation61 

Fig. 6.  Knockdown of Igfbp3 alleviates IL-1β-induced senescence and degeneration of NPCs. (A) qRT-
PCR analysis of Igfbp3 expression levels after transfection of NPCs with siRNA. (B) WB analysis of Igfbp3 
expression levels after transfection of NPCs with siRNA. (C) Changes in the ECM markers Col2a1 or Mmp13 
and the senescence markers P21 or P16 after transfection with siRNA were confirmed by WB. (D) Effect of 
transfection with siRNA on the proliferation of NPCs. Scare bar = 200 μm. (E) Effect of transfection with 
siRNA on the SA-β-Gal activity of NPCs. Scare bar = 100 μm.
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and NPC senescence62,63. In this study, IL-1β functioned as a highly effective inducer of senescence and 
degeneration in NPCs. This was substantiated by the reduced expression of Col2a1/aggrecan proteins, increased 
expression of P21/P16/Mmp13 proteins, and elevated SA-β-gal activity consistent with increasing IL-1β 
concentration. Comparison of normal NPCs with their senescent and degenerating counterparts revealed that 

Fig. 7.  Binding of NAR to Igfbp3 and the effect of NAR on cell viability. (A) Molecular structure of NAR. (B) 
2D structure of NAR binding to Igfbp3. (C) 3D structure of NAR binding to Igfbp3. (D) Effect of different 
concentrations of NAR on the viability of NPCs.
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Fig. 8.  Effect of NAR on Igfbp3 protein expression and the senescence and degeneration phenotype of NPCs. 
(A) WB detected changes in the expression levels of Col2a1, Mmp13 Igfbp3, P21 and P16 after treatment of 
NPCs with NAR. (B) Changes in cell proliferation after NAR treatment of NPCs. Scare bar = 200 μm. (C) 
Changes in Aggrecan after NAR treatment of NPCs Scare bar = 50 μm. (D) Expression of SASP-related genes 
Il-6, Mmp3, Cxcl10 and Ccl2 after NAR treatment of NPCs detected by qRT-PCR.
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Igfbp3 expression was more pronounced in senescent and degenerating NPCs than normal NPCs. This finding 
further supports the results of our bioinformatics analysis.

IGFBP3 is a versatile protein with a pivotal role in promoting aging64. Owing to its antiproliferative and 
proapoptotic properties, it induces apoptosis in various cell types65,66. As a component of the SASP, IGFBP3 
expression is elevated in senescent cells67. Cellular senescence, the fundamental contributor to aging, is intimately 
linked to chronic ailments in the cardiovascular, musculoskeletal, and neurological systems68–71. Notably, 
cellular senescence significantly contributes to the progression of IDD72. Senescent cells release cytokines, 
enzymes, growth factors, and chemokines, inciting inflammatory responses and catabolic processes that 
exacerbate IDD73,74. Our investigation aimed to elucidate the role of IGFBP3 in the IL-1β-induced senescence 
and degeneration of NPCs. We silenced Igfbp3 expression using siRNA. Knockdown of Igfbp3 protein in NPCs 
with IL-1β-induced senescence and degeneration caused a decrease in the expression of Mmp13/P21/P16 
proteins and reduced SA-β-gal activity, with a simultaneous increase in Col2a1 expression and cell proliferation. 
These findings strongly indicate that IGFBP3 functions as a pathological factor contributing to the promotion of 
degeneration and senescence in NPCs.

Pharmacological interventions for IDD primarily target al.leviating clinical symptoms. Nevertheless, this 
approach cannot control or reverse IDD progression13. Hence, the imperative lies in developing pharmaceuticals 
capable of preventing or ameliorating IDD progression. Recently, studies have highlighted natural herbal extracts 
for their antiaging and anti-inflammatory properties75,76. Network pharmacology and bioinformatics analysis 
showed that IGFBP3 is a common target of NAR, aging, and IDD. We postulate that NAR exerts its therapeutic 
influence on aging and degeneration in NPCs by modulating IGFBP3. Initially, molecular docking demonstrated 
a notably low binding free energy between NAR and IGFBP3. Subsequently, in senescent and degenerating NPCs, 
NAR demonstrated inhibition of Mmp13, P21, P16, and Igfbp3 expression, suppression of SASP-related gene 
expression, promotion of Col2a1 and aggrecan expression, and promotion of cell proliferation. NAR exhibited 
antioxidative properties by inhibiting total ROS production and enhancing antioxidant enzyme gene expression. 

Fig. 9.  Effect of NAR on the cell cycle.
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Rescue experiments were performed to investigate whether the antiaging and antidegenerative properties of 
NAR are mediated by inhibiting Igfbp3 expression. Our findings showed that introducing recombinant IGFBP3 
markedly diminished the therapeutic efficacy of NAR. These findings offer insights into the role of NAR in aging 
and degeneration, shedding light on potential avenues for IDD prevention and treatment.

This study has several limitations that necessitate consideration when interpreting the results. First, the two 
datasets were standardized independently. Following this, the standardized data were merged, and batch effects 
in the combined dataset were corrected using the “SVA” batch effect correction algorithm, thereby enhancing the 
consistency among the samples. To further validate the accuracy of the differential analysis results, we conducted 
differential analysis on independent samples. The findings indicated that the results from the training group 
were consistent with those from the validation group. This result was further corroborated in subsequent cellular 
experiments. However, inherent differences between batches still persist, which may elevate the risk of false 
positives (incorrectly identified as significant) or false negatives (overlooking true significance). To mitigate this 
issue, future studies will incorporate a random effects model, employ multiple batch effect correction algorithms, 
and gather a larger number of samples from the same batch for bioinformatics analysis. Second, the functional 
roles of NAR and IGFBP3 were confirmed through cellular experiments, highlighting the need for further in 
vivo validation. Third, molecular docking techniques were used to confirm binding between NAR and IGFBP3, 
and direct confirmation of binding is lacking. Future efforts will focus on additional validation through Biacore 
analysis and pull-down assays.

Conclusion
This study combines network pharmacology and bioinformatics to elucidate the anti-aging and anti-degenerative 
effects of NAR on NPCs through IGFBP3 targeting. Additionally, using an in vitro cellular model of aging and 
degeneration in NPCs, we discovered that NAR mitigates the aging and degeneration process by downregulating 
Igfbp3 expression. Collectively, these findings offer valuable insights into understanding the mechanism of 
action of NAR and identifying preventive and therapeutic strategies for IDD.

Fig. 10.  Effect of NAR on ROS and antioxidant enzyme systems. (A) Effect of NAR on total intracellular ROS 
in NPCs detected by flow cytometry. (B) qRT-PCR assay confirmed that NAR promoted the expression of 
antioxidant enzyme-related genes Nfe2l2, Gpx3 and Sod2 in NPCs.
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Data availability
The datasets generated and/or analysed during the current study are available in the GEO Database ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​o​​​​​)​, Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform 
(TCMSP; https://old.tcmsp-e.com/tcmsp.php), DrugBank database (https://go.drugbank.com), Search Tool for 
Interactions of Chemicals database (STITCH; http://stitch.embl.de), and SwissTargetPrediction ​d​a​t​a​b​a​s​e (http://

Fig. 11.  Igfbp3 protein weakened NAR anti-aging and anti-degeneration capacity. (A) WB assay of 
recombinant IGFBP3 protein on Col2a1, Mmp13, P21 and P16 proteins. (B) Immunofluorescence detection of 
the effect of recombinant IGFBP3 protein on Aggrecan. Scare bar = 50 μm. (C) Effect of recombinant IGFBP3 
protein on SA-β-Gal activity. Scare bar = 100 μm.
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www.swisstargetprediction.ch) and The Aging Gene Database (​h​t​t​p​s​:​​/​/​w​w​w​.​​g​e​n​o​m​i​​c​s​.​s​e​n​​e​s​c​e​n​​c​e​.​i​n​f​​o​/​g​e​n​e​​s​/​i​n​
d​e​​x​.​h​t​m​l).
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