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Introduction

Lower back pain (LBP) is a major contributor to the demand 
for rehabilitation services and poses a significant economic 
burden worldwide1. LBP encompasses various types of 
pain, with intervertebral disc degeneration (IDD) being the 
most common cause2,3. Over the years, numerous studies 
have investigated the etiological factors of degenerative 
disc disease and its pain-generating pathways to identify 
strategies for preventing further degeneration and 
discovering better therapeutic targets to alleviate pain4,5. 
The intervertebral disc primarily consists of the nucleus 
pulposus, annulus fibrosus, and cartilaginous endplates6, 
with nucleus pulposus degeneration being the key driver of 
intervertebral disc degeneration7. Historically, research on 
the pathogenesis of degenerative intervertebral discs has 

focused on histopathological changes8, gene expression, 
and signaling pathways in the nucleus pulposus9,10. However, 
the differentially expressed gene markers involved in disc 
tissue degeneration have not been fully elucidated. A 
deeper investigation into these expression differences could 
provide novel insights into the treatment of lumbar disc 
degeneration. Therefore, understanding these differential 
expression changes and their biological mechanisms is 
crucial.

Previous studies have investigated marker genes in 
nucleus pulposus cells, including COL2A11, ACAN, and 
SOX911 in normal human nucleus pulposus cells, as well 
as COL1A1, FN112, MMP13, and SPARC13,14 in degenerated 
cells. Among these, SPARC (Secreted Protein Acidic and 
Cysteine-Rich), an extracellular matrix (ECM) component, is 
highly expressed in normal bone, wound repair sites, and 
tissue remodeling, where it plays a role in regulating cellular 
activity and ECM composition15,16. SPARC is also involved in 
bone formation17,18 and promotes the accumulation of type I 
collagen19,20. Despite evidence suggesting differential SPARC 
expression during nucleus pulposus tissue degeneration, 
its precise role in intervertebral disc degeneration remains 
unclear. While previous studies have indicated a trend 
in SPARC expression changes during degeneration, its 
specific involvement in disease progression and underlying 
biological mechanisms require further investigation.

Intervertebral disc degeneration is characterized by 
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the progressive degeneration of nucleus pulposus tissue. 
Research into the marker genes of degenerating nucleus 
pulposus cells is essential for understanding this disease. 
In this study, we aim to explore SPARC expression changes 
during nucleus pulposus cell degeneration and its potential 
impact on cellular processes.

Materials and Methods

Data collection 

The dataset GSE165722 was obtained from the 
Gene Expression Omnibus (GEO) database, while the 
CNP0002664 dataset was sourced from the China National 
GeneBank (CNGBdb). These datasets contain single-cell 
sequencing data from normal and degenerated human 
nucleus pulposus tissues. 

Cell Culture and Drug Intervention

Normal human nucleus pulposus cells (iCell-0028a, 
iCell Bioscience Inc., China) were used, and the culture 
medium was obtained from the iCell Primary Chondrocyte 
Culture System (PriMed-iCELL-020, iCell Bioscience Inc., 
China). Cells were maintained in an incubator at 37°C with 
5% CO

2
 until they reached the second passage. Passaged 

nucleus pulposus cells were seeded into culture flasks and 
incubated until they reached 50–70% confluence. Cells 
were then treated with PBS (control), LPS, SPARC or LPS + 
SPARC in different experimental groups. After 48 hours of 
drug exposure, cells were collected for further analysis. The 
effective concentrations used for treatment were 10 µg/mL 
LPS21 and 2 µg/mL SPARC22.

RT-qPCR Analysis of Gene Expression in Nucleus Pulposus 
Cells

To evaluate gene expression changes induced by LPS and 
SPARC, human nucleus pulposus cells were treated for 48 
hours, followed by RT-qPCR analysis. The expression levels 
of COL2A1, COL1A1, ACAN, and SPARC were quantified 
in each experimental group. By analyzing the expression 
changes of these target genes, differentially expressed 
genes in normal and degenerated nucleus pulposus cells 
were identified.

mRNA levels were quantified using the 2-ΔΔCt method, 
with GAPDH as an endogenous control. Primer sequences 
used for amplification were as follows:

COL2A1 

• Forward: 5’-CAAGAACAGCATTGCCTATCTG-3’
• �Reverse: 5’-GATAACAGTCTTGCCCCACTTA-3’

COL1A1 

• Forward: 5’-AAAGATGGACTCAACGGTCTC-3’
• Reverse: 5’-CATCGTGAGCCTTCTCTTGAG-3’

ACAN 
• Forward: 5’-TCCTGGTGTGGCTGCTGTCC-3’
• Reverse: 5’-TCTGGCTCGGTGGTGAACTCTAG-3’

SPARC 

• Forward: 5’-CAAGAAGCCCTGCCTGATGAGAC-3’
• Reverse: 5’-TTCCGCCACCACCTCCTCTTC-3’

GAPDH 

• Forward: 5’-GTCTCCTCTGACTTCAGCG-3’
• Reverse: 5’-ACCACCCTGTTGGTAGCCAA-3’

Western Blot Analysis of Protein Expression

Protein expression changes in nucleus pulposus cells 
were analyzed using western blotting. Cells from each 
experimental group were rinsed twice with PBS and 
lysed in RIPA buffer (R0010, Solarbio) containing 1% 
phenylmethanesulfonyl fluoride (PMSF) for 10 minutes. 
Lysates were then centrifuged at 15,000×g for 10 minutes 
at 4°C, and protein concentrations were measured using a 
BCA protein assay kit (P0010, Beyotime).

Proteins were separated by 12.5% SDS-PAGE and 
transferred onto PVDF membranes (TM-PVDF-R-45, 
LABSELECT). Membranes were blocked with Western 
Blocking Solution (P0023B, Beyotime) for 90 minutes at 
room temperature, followed by overnight incubation at 4°C 
with primary antibodies against ACAN (DF7561, Affinity), 
SPARC (DF6503, Affinity), COL2A1 (AF0135, Affinity), 
COL1A1 (AF7001, Affinity), and GAPDH (AF7021, Affinity).

After incubation with secondary antibodies for 1 hour at 
room temperature, protein detection was performed using 
BeyoECL Plus (P0018FM, Beyotime). Band intensity was 
quantified using ImageJ software (version 1.8.0).

Immunofluorescence Staining

Nucleus pulposus cells were fixed with 4% 
paraformaldehyde (PFA) for 20 minutes, followed by 
permeabilization with 0.5% Triton X-100 for 20 minutes. 
After blocking with 5% bovine serum albumin (BSA) for 
10 minutes at room temperature, cells were incubated 
overnight at 4°C with a primary antibody against COL2A1 
(AF0135, Affinity). The following day, cells were incubated 
with a secondary antibody for 1 hour at room temperature. 
An anti-fade mounting medium (BY-1002) was used to 
preserve fluorescence and prevent DAPI (4’,6-diamidino-2-
phenylindole) signal degradation. Imaging was performed 
using a Zeiss LSM 880 confocal microscope.

Immunohistochemistry Analysis

Immunohistochemistry was performed to detect RUNX-
2 protein expression in nucleus pulposus cells. Cells were 
seeded in a 6-well plate at a density of 104 cells per well 
and divided into two groups: a control group and a SPARC-
treated group. After 48 hours of co-culture, cells were 
resuspended in medium at a density of 5 × 105 cells/mL. 
Cells were fixed with 4% PFA for 30 minutes, followed by 
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blocking with goat serum to prevent nonspecific antibody 
binding. Slides were then incubated overnight at 4°C with 
a primary antibody against SPARC (DF6503, Affinity), 
followed by a SPARC-conjugated secondary antibody (1:50 
dilution) for 30 minutes at room temperature. Finally, 
cells were visualized, and images were captured using a 
microscope.

Statistical analysis

Bioinformatics analyses, including cluster analysis, 
differential expression analysis, and marker gene 
identification were conducted using R software (version 
4.2.0). Experimental data were analyzed, and histograms 

were generated using GraphPad Prism (version 8.0). 
Differences among groups were compared by one-way 
analysis of variance with Dunnett test. A P-value of < 0.05 
was considered statistically significant.

Results

Differential Expression of SPARC in Normal and Degenerated 
Nucleus Pulposus Cells

By analyzing single-cell sequencing data from the GEO and 
CNGBdb databases, we explored the differential expression 
of SPARC in normal and degenerated human nucleus 
pulposus tissues (Figures 1 and 2). The results revealed 
distinct expression patterns of SPARC between normal 

Figure 1. (A) UMAP plots illustrating gene expression distributions in human nucleus pulposus samples with varying degeneration 
grades within the GSE165722 database. (B) Violin plots comparing gene expression between normal and degenerated samples, with 
statistical significance indicated (p < 0.0001).



and degenerated samples. In the GSE165722 dataset9, single-cell sequencing 
analysis was performed on nucleus pulposus tissues at four degeneration levels, 
corresponding to Pfirrmann grades 2, 3, 4, and 5. SPARC was detected in 
nucleus pulposus cells across all grades (Figure 1A), with a progressive increase 
in the number of highly expressing cells as degeneration worsened (Figure 1B). 
Similarly, analysis of the CNP0002664 dataset23, which included one normal and 
five degenerated nucleus pulposus samples, demonstrated a comparable pattern 

(Figure 2A). Both SPARC expression intensity and the number of expressing cells 
increased with degeneration (Figure 2B).

Gene Expression Changes in Nucleus Pulposus Cells Induced by LPS and SPARC 
Treatment

RT-qPCR was performed to analyze gene expression changes in nucleus 
pulposus cells treated with PBS (n = 4), LPS (n = 4), SPARC (n = 4), and LPS + SPARC 

Figure 2. (A) UMAP plots illustrating gene expression distributions in human nucleus pulposus samples with varying degeneration grades within the CNP0002664 database. (B) Violin 
plots comparing gene expression between normal and degenerated samples, with statistical significance indicated (p < 0.0001).
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(n = 4) for 48 hours (Figure 3). LPS-induced degeneration 
was confirmed by the downregulation of COL2A1 and 
ACAN, along with the upregulation of COL1A1 and SPARC, 
consistent with the findings from single-cell sequencing. 
In the group treated with SPARC alone, a similar 
expression pattern was observed: COL2A1 and ACAN 
were downregulated, while COL1A1 was upregulated. 
Notably, co-treatment with LPS and SPARC resulted in 
gene expression trends similar to those observed with 
individual treatments.

Quantitative Analysis of Protein Expression Changes 
Induced by LPS and SPARC

Western blot analysis was used to assess protein 
expression changes in nucleus pulposus cells treated 
with PBS (n = 3), LPS (n = 3), SPARC (n = 3), and LPS + 
SPARC (n = 3) for 48 hours (Figure 4A). Compared with 
the control group, the expression of COL2A1 and ACAN 

decreased, while SPARC and COL1A1 were upregulated 
in both the LPS- and SPARC-treated groups (Figure 4B). 
Western blot analysis further confirmed that there was 
no significant difference in expression levels between the 
LPS and SPARC groups, indicating that SPARC may exert 
effects similar to LPS in nucleus pulposus cells.

Immunofluorescence Detection of Collagen Expression 
Changes in Nucleus Pulposus Cells After SPARC Intervention

Immunofluorescence was used to assess the protein 
expression of COL2A1 in nucleus pulposus cells treated 
with PBS (n = 3), LPS (n = 3), and SPARC (n = 3) for 48 
hours (Figure 5A). The fluorescence intensity of COL2A1 
was found to decrease in both the SPARC- and LPS-
treated groups compared to the control group, with a more 
significant decrease observed in the LPS-treated group 
(Figure 5B).

Figure 3. Gene expression changes in nucleus pulposus cells treated with each experimental group for 48 hours, detected by RT-
qPCR. (**p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns indicates no statistically significant difference).
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Immunohistochemical Analysis of Aggrecan Expression in 
Response to SPARC Intervention

Immunohistochemistry was used to assess the 
distribution of Aggrecan (ACAN) in nucleus pulposus 
cells, identified by brown chromogen deposition. ACAN 
was detected in both the cytoplasmic and extracellular 
compartments of the cells. Following SPARC intervention, 
there was a notable reduction in the intensity of ACAN 
staining in the nucleus pulposus cells, in contrast to the 
control group, which exhibited stronger staining (Figure 6).

Discussion

While many scholars have proposed new marker genes for 
nucleus pulposus cells, such as FOXF1, OVOS2, and CA1224, 25,  
the most classical and widely recognized marker genes 
remain COL2A1, ACAN, and SOX926-28. Recently, several 
studies have utilized advanced techniques like Single-

Cell Transcriptomics and Spatial Transcriptomics9,29,30 to 
characterize marker genes in nucleus pulposus cells. These 
studies have identified several differentially expressed 
genes during nucleus pulposus cell degeneration, including 
COL1A1, FN1, MMP13, and SPARC, which are upregulated 
in degenerating tissue11-14. These findings have ushered 
in a new era of IDD research. However, the underlying 
biological mechanisms remain unclear. The precise role 
of these novel markers in nucleus pulposus degeneration, 
and their subsequent impact on the degenerative process, 
have yet to be fully understood, emphasizing the need for 
further investigation in this critical area of study.

Previous research has implicated SPARC in facilitating 
type I collagen aggregation19,20, as well as in regulating 
osseous development17,18. While some studies have 
reported variations in SPARC expression during IDD13,14, 
its exact role and underlying biological mechanisms in this 
condition remain unclear and require further investigation 
for clarification.

Figure 4. Western blot analysis showing protein expression levels in different experimental groups. (**p < 0.05, **p < 0.01,  
***p < 0.001, ns indicates no statistically significant difference).
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Figure 5. Immunofluorescence staining was used to determine the expression level of COL2A1 in nucleus pulposus cells for each 
experimental group. (***p < 0.001, ****p < 0.0001).

Figure 6. Immunostaining of nucleus pulposus cells after drug treatment. (*p < 0.05.).
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This study aimed to explore the changes in SPARC 
expression during IDD and its potential biological 
impacts. Using publicly available single-cell sequencing 
bioinformatics databases, we observed an upregulation of 
SPARC expression in nucleus pulposus cells at varying stages 
of degeneration. This finding was further corroborated 
in the LPS-induced degeneration model, suggesting that 
SPARC may play a crucial role in the pathogenesis of IDD. 
Our experimental results indicate that the upregulation 
of SPARC is closely associated with the remodeling of 
the extracellular matrix during IDD, particularly affecting 
the expression of key extracellular matrix components 
such as COL2A1 and ACAN1. These findings provide new 
insights into the role of SPARC in IDD and highlight potential 
molecular targets for future therapeutic strategies.

The study has also several limitations. First, this research 
primarily focused on in vitro models, and the applicability 
of these findings to in vivo environments requires further 
validation. More importantly, although we observed changes 
in SPARC expression, its precise mechanism of action and 
the signaling pathways involved in disc degeneration remain 
to be fully explored. Future studies should investigate how 
SPARC interacts with other extracellular matrix components 
and how it influences the function and degeneration of 
nucleus pulposus cells via specific signaling pathways.

The significance of this study lies in its potential to 
identify new therapeutic targets for IDD. By elucidating 
the role of SPARC in degeneration, it opens the door for 
the development of novel therapeutic strategies. However, 
the exact mechanism of SPARC in disc degeneration is 
still incompletely understood, and further in vitro and in 
vivo studies are necessary to clarify its role. Additionally, 
the interaction of SPARC with other extracellular matrix 
components, as well as the involvement of cell signaling 
pathways, requires deeper investigation. Future research 
should also explore the role of SPARC at different stages of 
degeneration and its differential expression across various 
populations and disease states to develop more effective 
treatments aimed at alleviating the lower back pain caused 
by IDD.

Conclusions

This study investigates gene expression changes in nucleus 
pulposus cells during intervertebral disc degeneration (IDD), 
with a specific focus on the expression pattern of the SPARC 
gene and its potential role in the degeneration process. The 
findings provide insights into the molecular mechanisms 
underlying IDD and highlight potential molecular targets 
for future therapeutic strategies. Overall, this research 
enhances our understanding of the molecular pathology of 
IDD and opens new directions for clinical treatment.
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