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A B S T R A C T

Background: Intervertebral disc degeneration (IDD) is a major cause of chronic low back pain, involving lipid dysregulation and cellular senescence in nucleus 
pulposus (NP) cells. However, the relationship between lipid accumulation and cellular senescence in IDD remain unclear. This study aims to investigate whether 
lipid accumulation promotes NP cell senescence and explore the role of LAMP1-mediated lipophagy in mitigating these effects.
Methods: Human and rat NP tissue samples were analyzed for lipid levels and senescence markers, including p16, p21 and p53. NP cells were treated with palmitic 
acid (PA) to induce lipid accumulation. Multi-omics analysis and machine learning were used to identify LAMP1 as a key regulator of lipid metabolism in NP cells. 
The effects of LAMP1 overexpression on lipid clearance and cellular senescence were evaluated in vitro. The natural compound sulforaphane (SFN) was applied to 
stimulate LAMP1-mediated lipophagy. LAMP1 knockdown was used to assess the role of LAMP1 in SFN-induced lipophagy and its impact on lipid accumulation and 
senescence. In vivo, SFN treatment was administered to rats with IDD induced by needle puncture. MRI, X-ray, and histological analysis were performed to evaluate 
the effects of SFN on disc degeneration, lipid accumulation, and senescence in NP tissue.
Results: Excessive lipid accumulation in degenerated NP tissues was observed, along with increased expression of senescence markers. Further experiments 
demonstrated that LAMP1 overexpression reduced lipid accumulation and senescence in NP cells. Notably, the natural compound sulforaphane enhanced LAMP1- 
mediated lipophagy, promoting lipid clearance and reducing senescence. In vivo, sulforaphane treatment in a rat IDD model reduced lipid accumulation and delayed 
IDD.
Conclusion: Our findings suggest that LAMP1-mediated lipophagy plays a crucial role in inhibiting NP cell senescence and that sulforaphane can slow the progression 
of IDD by activating LAMP1.
The translational potential of this article: This study indicates that the therapeutic effects of sulforaphane in mitigating lipid accumulation and senescence can provide 
an effective treatment strategy for delaying the progression of IDD in the future.

1. Introduction

Low back pain (LBP) is a prevalent global public health issue and is 

one of the leading causes of disability and economic burden. An esti
mated 568.4 million people worldwide are affected by LBP [1]. In the 
United States, LBP was the top healthcare expenditure among 154 health 
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conditions in 2016, incurring costs totaling approximately $134.5 
billion [2]. Intervertebral disc degeneration (IDD) is recognized as one 
of the primary causes of LBP. As people age, the severity of IDD in
creases, which contributes to the varying prevalence of LBP across age 
groups [1,3]. IDD is a complex, multifactorial process involving me
chanical stress, oxidative stress, and metabolic disorders [4–6]. The 
nucleus pulposus (NP), the core component of the intervertebral disc, 
plays a central role in IDD. Degeneration of NP tissue is not only a 
hallmark of IDD pathology but is also closely influenced by multiple 
intracellular and extracellular factors [7,8]. Nevertheless, the exact 
pathophysiological mechanisms of IDD remain unclear, presenting 
challenges in developing effective therapeutic strategies.

Lipid metabolism disorders are characterized by abnormalities in 
lipid synthesis, transport, or utilization, resulting in lipid accumulation 
or abnormal distribution in tissues [9]. Numerous studies have estab
lished a strong link between lipid metabolism disorders and various 
degenerative diseases, such as osteoarthritis, osteoporosis, age-related 
macular degeneration, and Alzheimer’s disease [10–13]. Recently, in
terest has grown regarding a potential connection between lipid meta
bolism disorders and IDD. Clinical studies have shown that elevated 
serum levels of cholesterol, triglycerides, and low-density lipoprotein 
(LDL) cholesterol are significantly associated with IDD and are recog
nized as independent risk factors for this condition [14,15]. Supporting 
these findings, animal studies have demonstrated that high-fat diets in 
mice and rats can exacerbate IDD [16,17]. Moreover, triglyceride and 
cholesterol accumulation has been detected in the NP tissue of degen
erated discs, providing additional evidence for the role of lipid accu
mulation in IDD [17,18].

Despite this accumulating evidence, conflicting findings challenge 
the consistency of this association. For example, Keser et al. reported no 
significant correlation between blood lipid levels and lumbar disc her
niation caused by IDD [19]. Meanwhile, animal study has found no signs 
of disc degeneration in mice fed high-fat diets, although changes in bone 
structure were observed [20,21]. Metabolomic analyses have further 
shown that lipid levels—including fatty acids, triglycerides, and cho
lesterol—are significantly lower in degenerated discs compared to 
healthy ones [22]. Consequently, the precise relationship between lipid 
metabolism disorders and IDD remains inconclusive and warrants 
further studies.

Cellular senescence is an irreversible arrest of the cell cycle triggered 
by various stressors, including DNA damage, oxidative stress, and 
chemotherapeutic drug toxicity [23]. As cells age, their efficiency in 
lipid metabolism declines, particularly in fatty acid oxidation, auto
phagy, and mitochondrial function. These impairments reduce the cells’ 
ability to utilize or degrade lipids, leading to lipid accumulation within 
cells and tissues [24–26]. Furthermore, lipid synthesis pathways become 
significantly upregulated in senescent cells, often linked to the increased 
activity of sterol regulatory element-binding protein 1 (SREBP1) [27]. 
This excessive lipid accumulation causes lipotoxicity, which induces 
cellular stress, oxidative stress, and inflammatory responses, ultimately 
accelerating cellular aging and functional decline [9,28]. This estab
lishes a vicious cycle: lipid accumulation promotes cellular senescence, 
which further exacerbates lipid buildup.

NP cell senescence plays a critical role in the progression of inter
vertebral disc degeneration. Senescent NP cells release senescence- 
associated secretory phenotype (SASP) factors, leading to chronic 
inflammation, matrix degradation, and cellular dysfunction, thereby 
accelerating disc degeneration [29,30]. Therefore, exploring the 
connection between lipid metabolism and cellular senescence offers 
valuable insights into the core mechanisms of IDD and provides scien
tific support for developing new therapeutic and preventive strategies.

In this study, we observed significant lipid accumulation and cellular 
senescence in the NP tissue of both human and rat degenerated discs. 
Moreover, lipid accumulation was found to promote NP cell senescence. 
Through single-cell sequencing, transcriptome analysis, and machine 
learning algorithms, we identified lysosome-associated membrane 

protein 1 (LAMP1) as a key regulator of lipid metabolism in NP cells. 
LAMP1 overexpression effectively reduced lipid accumulation and 
cellular senescence in NP cells. Furthermore, we found that the natural 
compound sulforaphane (SFN) enhances LAMP1-mediated lipophagy, 
thereby slowing IDD progression. This research provides new insights 
into the roles of lipid metabolism and cellular senescence in IDD. By 
promoting LAMP1-mediated lipophagy, SFN offers a promising strategy 
for mitigating IDD and improving clinical outcomes for patients with 
LBP.

2. Materials and methods

2.1. Patient samples

This study included 20 patients, from whom 20 NP tissue samples 
were collected. The patients, aged between 13 and 75 years, consisted of 
7 females and 13 males. These individuals underwent spinal surgery 
between 2021 and 2024. During the procedures, the NP tissue was ob
tained by posterior approach, dissecting the AF tissue and using 
specialized instruments. Some tissue samples were fixed with 4 % 
paraformaldehyde for histological staining, while others were rapidly 
stored at − 80 ◦C for subsequent metabolic analyses, such as triglyceride 
detection. Preoperative T2-weighted MRI scans were used to assess the 
degree of IDD, categorized using the Pfirrmann grading system. The 
study was approved by the Ethics Committee of Shenzhen People’s 
Hospital.

2.2. NP cell isolation and culture

For rat NP cell extraction, NP tissues were collected after euthanasia 
by intraperitoneal injection of pentobarbital. The tail was removed, the 
skin was dissected, and the Co7/Co8 intervertebral discs were exposed. 
After incising the AF, NP tissue was extracted with forceps and imme
diately immersed in DMEM with 10 % FBS. It underwent two-step 
enzymatic digestion: protease treatment at 37 ◦C for 45 min, followed 
by centrifugation at 1000 rpm for 5 min. The pellet was resuspended in 
DMEM and digested with type II collagenase for 15 min at 37 ◦C. Cells 
were cultured in DMEM with 10 % FBS and 1 % penicillin-streptomycin. 
For human NP cell extraction, NP tissues from spinal surgery were 
washed, minced, and digested with 0.2 % collagenase II at 37 ◦C for 4–6 
h. After filtration and centrifugation, cells were resuspended in DMEM 
with 10 % FBS and 1 % penicillin-streptomycin for culture.

2.3. Transmission electron microscopy

After treatment, NP cells were trypsinized, collected into pellets, and 
fixed overnight at 4 ◦C in 2.5 % glutaraldehyde. The fixed cells were 
washed with PBS and post-fixed with 1 % osmium tetroxide at 4 ◦C for 2 
h. After washing with buffer, the samples were dehydrated using a 
graded ethanol series and embedded in Epon 812. Ultrathin sections 
were prepared using a Leica UC7 ultramicrotome. These sections were 
post-stained with uranyl acetate for 20 min and lead citrate for 12 min to 
enhance contrast. Finally, lipid droplets within the cells were visualized 
and analyzed using a Tecnai G2 Spirit transmission electron microscope 
(FEI, USA).

2.4. Triglyceride assay

The intracellular Triglyceride level was assayed using a triglyceride 
assay kit (BC0625, Solarbio, China). NP tissues were homogenized on ice 
with extraction reagent (n-heptane/isopropanol, 1:1) at a 1: 10 ratios. 
The homogenate was centrifuged at 8000 g for 10 min at 4 ◦C, and the 
supernatant was collected. NP cells were treated similarly, with ultra
sonic disruption, followed by centrifugation. Triglycerides were 
extracted and saponified with potassium hydroxide, releasing glycerol 
and fatty acids. Glycerol was oxidized by periodic acid to form 
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formaldehyde, which reacted with acetylacetone to produce a yellow 
compound measured at 420 nm. All reactions occurred in a 65 ◦C water 
bath, with samples diluted as needed.

2.5. Cholesterol assay

The intracellular cholesterol level was assayed using a cholesterol 
assay kit (STA-384, Cell Biolabs, United States). NP cells were digested 
with trypsin, resuspended in PBS, and centrifuged. After discarding PBS, 
chloroform, isopropanol, and ethyl phenyl polyethylene glycol (EPEG) 
were added, followed by grinding with magnetic beads and extraction. 
NP tissue underwent the same process. Samples were dried at 60 ◦C and 
vacuum-dried to yield cholesterol crystals. Crystals were dissolved in 
assay diluent. A reaction mixture with cholesterol oxidase, HRP, color
imetric probe, and esterase was added to a 96-well plate and incubated 
at 37 ◦C for 45 min. Absorbance at 540–570 nm was measured, and 
cholesterol ester content was calculated by subtracting free cholesterol 
from total cholesterol.

2.6. Fluorescent detection of LDs

After washing with PBS, cells were incubated with a staining solution 
containing either Nile Red or BODIPY 493/503 dye, following the 
manufacturer’s protocol (Beyotime, China). Typically, 1 mL of staining 
solution was added per well in a 6-well plate, and incubation was per
formed at room temperature for 10–20 min, protected from light. After 
incubation, cells were washed with PBS to remove excess dye. Fluores
cence microscopy was used to detect LDs, with excitation/emission 
wavelengths set to 488/510 nm for BODIPY 493/503 or 552/636 nm for 
Nile Red.

2.7. β-gal staining

After treatment, cells were washed with PBS and fixed with 
β-galactosidase fixative solution for 15 min at room temperature. 
Following fixation, the cells were washed three times with PBS, and 1 
mL of staining solution, prepared according to the kit instructions 
(Beyotime, China), was added to each well. Cells were incubated at 
37 ◦C overnight, avoiding CO2 incubators. The next day, stained cells 
were observed under an optical microscope.

2.8. EdU assay

Cells were incubated with 10 μM EdU solution for 2 h at 37 ◦C. After 
removing the medium, cells were fixed with 4 % paraformaldehyde for 
15 min and permeabilized with 0.3 % Triton X-100 for 10 min. A Click 
reaction mixture with fluorescent azide, CuSO4, and additive was pre
pared according to the kit instructions (Beyotime, China) and applied for 
30 min at room temperature, protected from light. After washing with 
PBS, cells were counterstained with DAPI and analyzed using a fluo
rescence microscope.

2.9. Cell cycle

Cells were fixed in 70 % ethanol at 4 ◦C for at least 30 min, then 
centrifuged at 1000 g for 5 min and washed with PBS. A staining solution 
with propidium iodide (PI) and RNase A was prepared according to the 
kit instructions (MCE, USA). Cells were resuspended in 500 μL of the 
solution and incubated at 37 ◦C for 30 min, protected from light. Flow 
cytometry was used to analyze the stained cells at an excitation wave
length of 488 nm to measure red fluorescence and determine DNA 
content.

2.10. CCK-8

NP cells were seeded into 96-well plates at a density of 2000 cells per 

well in 100 μL of culture medium. After treatment, CCK-8 reagent 
(APExBIO, USA) was added to each well and incubated at 37 ◦C. 
Absorbance was measured at 450 nm using a microplate reader. The 
intensity of the color formed is directly proportional to the number of 
viable cells, allowing for the assessment of cell proliferation or 
cytotoxicity.

2.11. Co-immunoprecipitation

Cells were lysed with IP lysis buffer (Beyotime, China) containing a 
protease inhibitor cocktail and incubated for 20 min. After centrifuga
tion at 12,000 rpm for 10 min at 4 ◦C, the supernatants were collected. 
Primary antibodies against LAMP1 (Santa Cruz, sc-20011, USA) and LC3 
(Proteintech, 14600-1-AP, USA) were added to the supernatants, and the 
mixture was rotated overnight at 4 ◦C. Magnetic beads were incubated 
with the complexes for 2 h at room temperature. After three washes with 
IP washing buffer, the immunoprecipitants were eluted by boiling in 1 
× SDS-loading buffer for 10 min for further analysis via Western blot.

2.12. Animal studies

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of Shenzhen People’s Hospital. Twenty-four 
male SD rats (12 weeks old, 200–250 g) were randomly divided into 
three groups: Sham, IDD, and SFN. Anesthesia was administered via 
intraperitoneal injection of 2 % pentobarbital. For IDD induction, a 20G 
needle was inserted into the Co7/8 intervertebral disc, rotated 360◦

clockwise, and held for 30 s. In the SFN group, 5 μM SFN (MCE, USA) 
was injected into the disc using a 34G Hamilton syringe, with injections 
performed weekly for four weeks. After four weeks, MRI and X-ray of the 
caudal vertebrae were conducted.

2.13. Bioinformatics analysis

Data were retrieved from the GEO database (https://www.ncbi.nlm. 
nih.gov/geo/). GSE205535 provided two samples (one control and one 
IDD case) for single-cell analysis, while GSE186542 and GSE245147 
each contained expression profiles from six patients (three controls and 
three IDD cases). Single-cell analysis was conducted using the Seurat 
package to filter low-quality cells and remove doublets with Doublet
Finder, followed by normalization, PCA, and UMAP for dimensionality 
reduction and cluster visualization. Clusters were annotated using the 
CellMarker database and literature. Metascape was employed for GO 
enrichment analysis of lipid metabolism-related genes. Feature selection 
was performed using Lasso logistic regression and random forest algo
rithms with the “glmnet” package, selecting the top 10 features by % 
IncMSE. GSVA further evaluated pathway-level changes using gene sets 
from the Molecular Signatures Database. All statistical analyses were 
conducted in R (version 4.3.2), with p < 0.05 indicating statistical 
significance.

2.14. Statistical analysis

GraphPad Prism 9.0 software was utilized for all statistical assess
ments, with P-values less than 0.05 considered statistically significant. 
Each experiment was performed with at least three biological replicates. 
The Shapiro–Wilk test was used to check whether the data conform to 
the normal distribution. Data consistent with normal distribution are 
shown as mean ± SD. Student’s t-test was performed to test the differ
ences between two groups. One-way ANOVA was performed for com
parisons among three or more groups. Correlations between variables 
were examined through linear regression analysis.

A detailed description of additional materials and methods can be 
found in the Supplemental data.
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3. Results

3.1. Lipid accumulation in degenerated NP tissue and its association with 
senescence

To investigate the relationship between lipid metabolism disorders 
and IDD, we collected human NP samples with varying degeneration 
levels based on the Pfirrmann grading system (Fig. 1A). We measured 
triglyceride and cholesteryl ester levels within the NP tissue, finding that 
these levels were lower in mildly degenerated samples compared to 
severely degenerated ones (Fig. 1B and C). Lipid droplets (LDs), intra
cellular lipid storage structures, are enclosed by a phospholipid mono
layer membrane with associated proteins, notably PLIN2 (Perilipin 2), a 
key LD-associated protein (Fig. 1D). Transmission electron microscopy 
(TEM) analysis showed an increased number of LDs in severely degen
erated NP tissue (Fig. 1E). Immunohistochemical (IHC) analysis further 
demonstrated a significant increase in PLIN2 expression and senescence 
markers (p21 and p16) in the severely degenerated group, and PLIN2 
expression was positively correlated with the expression of p21 and p16 
(Fig. 1F–H and Fig. S1A–E). Consistently, western blot (WB) results 
indicated that the protein levels of PLIN2, p16, and p21 increased with 
IDD severity (Fig. S1F).

Next, we established an IDD model in Sprague–Dawley (SD) rats 
(Fig. 1I and J) and measured lipid levels in the NP tissue. Results 
revealed higher triglyceride and cholesteryl ester levels in the IDD group 
than in the control (CTR) group (Fig. 1K and L). Similarly, protein 
expression of PLIN2 and senescence markers (p21 and p16) was signif
icantly elevated in the IDD group compared to the CTR group 
(Fig. 1M–O and Fig. S1G, H). Finally, RT-PCR analysis showed increased 
expression of p16, p21, and p53 in the NP tissue of the IDD group 
relative to the CTR group (Fig. S1I–K).

3.2. Accumulated lipids promoted NP cell senescence

Palmitic acid (PA), a saturated fatty acid, is commonly used to induce 
lipid accumulation in vitro [31]. In this study, we treated rat NP cells 
with PA for 24 h and found that PA at 100 μM and 200 μM significantly 
increased triglyceride and cholesteryl ester levels (Fig. 2A and B). 
Notably, 200 μM PA treatment significantly enhanced PLIN2 expression 
(Fig. 2C and D). TEM analysis and BODIPY staining revealed a marked 
increase in LDs with increasing PA concentration (Fig. 2E and F). 
Moreover, WB and IF analyses confirmed that 200 μM PA markedly 
upregulated the expression of senescence markers p53, p21, and p16 
(Fig. 2G–J and Fig. S2 A, B). β-galactosidase staining showed that PA 
induced senescence in a concentration-dependent manner (Fig. 2K and 
L). Furthermore, 100 μM and 200 μM PA significantly inhibited cell 
proliferation (Fig. 2M and N), and PA treatment decreased the propor
tion of cells in the S phase (Fig. 2O).

To further investigate the role of lipid accumulation in NP cell 
senescence, we inhibited LDs hydrolysis via loss-of-function of adipose 
triglyceride lipase (ATGL). After 24 h of PA treatment to form LDs, the 
medium was replaced with lipid-depleted serum (C3840, Vivacell, 
China). The groupings and experimental procedures are shown in 
Fig. 2P. WB results showed that knocking down ATGL upregulated the 
expression of the lipid droplet marker PLIN2 (Fig. 2Q and R). Further
more, after ATGL knockdown, cellular senescence was exacerbated 
(Fig. 2S–X).

3.3. Identification of key genes using scRNA-Seq and RNA-Seq combined 
with machine learning

This study analyzed the single-cell transcriptome of NP tissue sam
ples. Using Seurat, we imported the expression data and filtered cells 
based on UMI count, gene expression count, and mitochondrial read 
percentage. Cells deviating more than three median absolute deviations 
(MAD) from the median were considered outliers, resulting in 9343 cells 

for analysis (Fig. S3A–E). The top 10 genes by standard deviation were 
displayed (Fig. S3F and G). Principal component analysis (PCA) revealed 
batch effects, which were corrected using Harmony (Fig. S4A and B), 
with 20 principal components selected based on the ElbowPlot 
(Fig. S4C). Uniform manifold approximation and projection (UMAP) 
identified nine subtypes (Fig. S4D), later annotated into eight cell types, 
including NP cells and several chondrocyte subtypes (Fig. 3A). A bubble 
plot visualized canonical markers and group proportions (Fig. S4E and 
F).

Next, we identified 308 lipid metabolism-related genes from the 
literature [32] and quantified scores using single-sample gene set 
enrichment analysis (ssGSEA). Results showed that the lipid metabolism 
score of NP cells was significantly higher in the IDD group than in the 
CTR group, designating NP cells as a key cell subtype in IDD (Fig. 3B and 
C). Consequently, NP cells were extracted for differential analysis. 
Screening criteria were set at p_val_adj <0.05, yielding a total of 60 
genes (Fig. 3D). Pathway enrichment analysis of these genes, using the 
Metascape database, indicated enrichment in pathways related to fatty 
acid metabolism, extracellular matrix, and carboxylic acid metabolic 
processes (Fig. S4G).

We obtained Series Matrix files for GSE245147 and GSE186542 from 
the NCBI GEO database. Batch effects were corrected using the SVA 
algorithm, and PCA plots visualized reduced batch variation post- 
correction (Fig. S4H and I). To identify key genes among 60 candi
dates, we applied lasso regression and random forest for feature selec
tion. Lasso regression identified 11 IDD feature genes (Fig. 3E and F), 
while random forest identified the top 10 (Fig. 3G). The intersection of 
these two methods yielded four key genes: RDH11, ACTG1, LAMP1, and 
LGALS1 (Fig. 3H). Single-cell analysis found differential expression of 
ACTG1, LAMP1, and LGALS1 between the IDD and CTR groups, while 
RDH11 showed no significant difference (Fig. 3I; Fig. S5A–E). Addi
tionally, GSVA showed ACTG1 enriched in MYC_TARGETS_V1 and 
OXIDATIVE_PHOSPHORYLATION, LAMP1 in MYOGENESIS, LGALS1 in 
MYC_TARGETS_V2, and RDH11 in MTORC1_SIGNALING (Fig. S5F–I).

3.4. LAMP1 suppressed lipid accumulation and senescence in NP cells

LAMP1 is a transmembrane glycoprotein located on the lysosomal 
membrane [33]. Studies suggest that LAMP1 is a key regulatory factor in 
lipophagy, where its localization and distribution are essential for LD 
fusion with lysosomes. LAMP1 deficiency or abnormalities can impair 
LD degradation, resulting in lipid accumulation [34]. To investigate the 
regulatory role of LAMP1 in lipid metabolism and senescence in NP cells, 
we first examined LAMP1 expression in mildly and severely degenerated 
NP tissues using IHC and RT-qPCR assays. Results showed decreased 
LAMP1 expression in severely degenerated NP tissues (Fig. 4A and B and 
Fig. S6A). Similarly, in the rat IDD model, LAMP1 expression was also 
downregulated (Fig. 4C and D).

Next, we transfected NP cells with plasmids to overexpress LAMP1 
for 72 h (Fig. S6B and C), followed by PA treatment for 24 h. Lipid assays 
demonstrated that LAMP1 overexpression inhibited PA-induced in
creases in triglyceride and cholesteryl ester levels (Fig. 4E and F). 
Furthermore, WB results indicated that LAMP1 overexpression sup
pressed PLIN2 protein expression (Fig. 4G and H). In addition, LDs 
staining revealed that PA significantly increased lipid accumulation in 
NP cells, but this effect was reversed by LAMP1 overexpression (Fig. 4I). 
Finally, β-galactosidase staining showed that LAMP1 overexpression 
reduced NP cell senescence, and WB results further confirmed a reduc
tion in the expression levels of senescence markers following LAMP1 
overexpression (Fig. 4J and K).

3.5. Sulforaphane promoted LAMP1 expression and lipophagy

SFN, a natural isothiocyanate compound (Fig. 5A), is primarily found 
in cruciferous vegetables such as broccoli. SFN plays multiple roles in 
regulating lipid metabolism, including inhibiting lipid synthesis and 
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Fig. 1. Lipid accumulation in degenerated NP tissue and its association with senescence. (A) Lumbar spine MRI images showing varying degrees of IDD. (B) 
Triglyceride content in human NP tissue. (C) Cholesterol ester content in human NP tissue. (D) Schematic diagram of LD structure. (E) LDs in human NP cells 
observed by TEM, the red arrow indicates the LDs, scale bar = 5 μM. (F) IHC staining of PLIN2 in human NP tissue, scale bar = 100 μM. (G) IHC staining of p21 in 
human NP tissue, scale bar = 100 μM. (H) Correlation analysis between PLIN2 and p21 expression levels. (I) MRI of rat caudal vertebrae. (J) HE and SO staining of rat 
caudal intervertebral discs, scale bar = 500 μM. (K) Triglyceride content in rat NP tissue. (L) Cholesterol ester content in rat NP tissue. (M) IHC staining of PLIN2 and 
p21 in rat NP tissue, scale bar = 500 μM. (N and O) average optical density (AOD) analysis in (M). Data are represented as mean ± SD, *p < 0.05.
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Fig. 2. Accumulated lipids promoted NP cell senescence. (A) Triglyceride content in rat NP cells after PA treatment. (B) Cholesterol ester content in rat NP cells 
after PA treatment. (C and D) Expression of PLIN2 in rat NP cells after PA treatment, detected by WB. (E) LDs in rat NP cells after PA treatment, observed by TEM, 
scale bar = 5 μM. (F) LDs in rat NP cells after PA treatment, observed with Biodipy staining, scale bar = 50 μM. (G-J) Expression of senescence markers (p53, p21, and 
p16) in rat NP cells after PA treatment, detected by Western blot. (K and L) Senescence of rat NP cells after PA treatment, detected by β-galactosidase staining, scale 
bar = 100 μM. (M and N) Proliferation of rat NP cells after PA treatment, detected by EDU staining, scale bar = 500 μM. (O) Cell cycle distribution of rat NP cells 
after PA treatment, analyzed by flow cytometry. (P) Experimental setup for LD hydrolysis inhibition via ATGL knockdown after PA treatment in NP cells. (Q and R) 
Expression of senescence markers in rat NP cells after PA or siATGL treatment. (S and T) Senescence of rat NP cells, detected by β-galactosidase staining, scale bar =
100 μM. (U-X) Expression of senescence markers in rat NP cells after PA treatment and siLAMP1 transfection. Data are represented as mean ± SD, *p < 0.05.
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promoting fatty acid oxidation [35,36]. Additionally, studies have 
shown that SFN can act as an activator of LAMP1, thereby upregulating 
the expression of LAMP1 [37,38]. To investigate whether SFN inhibits 
lipid accumulation and senescence through LAMP1, we first assessed the 
effect of SFN on NP cell viability using a CCK8 assay. Results indicated 
that 5 μM SFN had no adverse effect on NP cells over 24–72 h 
(Fig. S6D–F). Molecular docking analysis showed that SFN formed 
hydrogen bonds with LAMP1, with a binding energy of − 2.9 kcal/mol, 
suggesting relatively weak binding stability (Fig. S6G and H).

Next, we treated NP cells with both SFN and PA for 24 h to evaluate 
SFN’s regulatory effects on LAMP1 and autophagy. WB results showed 
that SFN significantly increased LAMP1 expression and the LC3 II/I 
ratio, while markedly reducing p62 expression (Fig. 5B and C). IF results 
similarly demonstrated that SFN enhanced both LAMP1 expression and 
autophagy (Fig. 5D–G). CO-IP results indicated that SFN promoted the 
interaction between LAMP1 and LC3II (Fig. 5H), suggesting that SFN 
facilitates the fusion of lysosomes and autophagosomes. TEM revealed 
numerous autolysosomes surrounding LDs in SFN-treated NP cells 
(Fig. 5I), indicating that SFN promotes lipophagy. Supporting these 
findings, IF demonstrated that SFN treatment increased the co- 
localization of LAMP1 with LDs, as well as LC3 with LDs (Fig. 5J–M). 
In addition, SFN inhibited the elevated ROS levels induced by PA 
(Fig. S6I and J), with a significant reduction in lipid peroxidation levels 
and MDA content following SFN treatment (Fig. S6K–M).

3.6. Activation of LAMP1-mediated lipophagy by sulforaphane inhibited 
senescence

To further investigate whether SFN inhibited lipid accumulation and 
senescence via LAMP1, we first transfected rat NP cells with siRNA for 
72 h to knock down LAMP1 expression (Fig. S7A and B), followed by 
treatment with PA and SFN for 24 h. Results showed that SFN treatment 
significantly reduced triglyceride and cholesteryl ester levels in NP cells; 
however, this effect was reversed following LAMP1 knockdown (Fig. 6A 
and B). WB analysis indicated that the SFN-induced downregulation of 
PLIN2 expression was restored upon LAMP1 knockdown (Fig. 6C and D). 
BODIPY staining further demonstrated that the reduction in lipid 
accumulation by SFN was reversed after LAMP1 knockdown (Fig. 6E). 
Additionally, the SFN-induced decrease in senescence and increase in 
cell proliferation were also reversed by LAMP1 knockdown (Fig. 6F). 
And SFN treatment significantly increased the proportion of S-phase 
cells, but this effect was diminished following LAMP1 knockdown 
(Fig. 6G and H). The expression levels of p53, p21, and p16 were 
significantly reduced with SFN treatment but were markedly upregu
lated upon LAMP1 knockdown (Fig. 6I–K).

3.7. Sulforaphane attenuated lipid accumulation and senescence in a rat 
IDD model

To validate the role of SFN in IDD in vivo, we administered an SFN 
injection following needle puncture in a rat disc model (Fig. 7A). MRI 
revealed that the signal intensity of NP tissue was significantly reduced 
in the IDD group compared to the sham group, whereas SFN injection 
markedly restored signal intensity (Fig. 7B and C). X-ray results showed 
that the disc height index (DHI) was significantly reduced in the IDD 
group compared to the sham group, but increased following SFN injec
tion (Fig. 7B–D). HE and SO staining indicated that, compared to the 
sham group, the NP area in the IDD group was significantly reduced, 

with disordered NP cell arrangement, disrupted AF structure, and 
decreased disc height. After SFN injection, the NP area significantly 
increased, NP cell distribution was more uniform, and AF structure was 
largely restored (Fig. 7E and F).

We then evaluated the effect of SFN on lipid metabolism and 
senescence in vivo. Results showed that triglyceride and cholesteryl 
ester levels were elevated in the IDD group but were partially reversed 
by SFN treatment (Fig. S7C and D). Additionally, IHC results showed 
that LAMP1 expression was downregulated in the IDD group but upre
gulated following SFN treatment, with opposing trends observed for 
PLIN2, p16, and p21 expression (Fig. 7G–J and Fig. S7E and F). Mean
while, the IF results showed that in the IDD group, LAMP1 expression 
decreased, while PLIN2 and p21 levels increased. However, in the SFN- 
treated group, LAMP1 expression was restored, and PLIN2 and p21 
levels decreased (Fig. 7K).

4. Discussion

IDD is closely associated with several metabolic diseases, including 
diabetes, obesity, and dyslipidemia [39,40]. Dyslipidemia, a significant 
metabolic risk factor, can exacerbate disc degeneration by disrupting the 
disc’s microcirculation and metabolic environment [41,42]. Multiple 
clinical studies have shown that elevated serum cholesterol and tri
glyceride levels are important independent risk factors for IDD [14,15,
43]. However, the intervertebral disc is the largest avascular tissue in 
the human body; it primarily relies on nutrient diffusion through the 
endplate rather than a direct blood supply [44]. Furthermore, endplate 
calcification during degeneration restricts diffusion, suggesting that the 
reduced blood supply associated with dyslipidemia is not the primary 
driver of IDD [45]. This highlights the need to explore alternative un
derlying mechanisms.

Recent studies suggest that IDD may induce lipid metabolism ab
normalities in NP cells. Using nuclear magnetic resonance (NMR) 
spectroscopy, Toczylowska et al. [46] identified significant changes in 
lipid types and content in degenerated NP tissues, including abnormal 
accumulation of monoglycerides and triglycerides. Additionally, 
metabolomics analysis revealed elevated triglyceride levels in severely 
degenerated NP tissues [18]. However, other studies did not detect 
significant lipid metabolism abnormalities in degenerated NP tissues 
[22]. Given these discrepancies, we employed multiple method
s—including LD staining, triglyceride and cholesteryl ester quantifica
tion, and analysis of LD-associated protein PLIN2 expression. Our results 
confirmed lipid accumulation in degenerated NP tissues and demon
strated that this lipid accumulation was closely associated with NP cell 
senescence. Further investigation revealed that knockdown of ATGL (a 
key lipase for LDs hydrolysis) expression in PA-treated NP cells signifi
cantly aggravated NP cell senescence. In addition, Chen et al. [18] 
induced lipid accumulation in NP cells using PA and found that the 
expression levels of senescence markers were also upregulated, further 
supporting the close relationship between lipid accumulation and NP 
cell senescence.

Dysregulated lipid metabolism plays a significant role in IDD, and 
targeting lipid metabolism has emerged as a promising strategy to delay 
degeneration [47]. Studies have shown that natural hydrogel complexes 
can slow IDD progression by modulating fatty acid metabolism [48]. 
Nimbolide, a natural triterpenoid compound, alleviates NP cell damage 
caused by cholesterol accumulation by promoting cholesterol efflux and 
suppressing inflammatory signaling pathways [49]. Additionally, the 

Fig. 3. Identification of key genes using scRNA-Seq and RNA-Seq combined with machine learning. (A) UMAP plot showing the clustering of single cells from 
degenerated and normal NP tissues. (B and C) Lipid metabolism analysis, with visualizations representing differential genes and pathways involved in lipid 
metabolism. (D) The volcano plot shows the genes with significantly upregulated and downregulated lipid scores between degenerated and normal NP tissues. (E) 
Lasso regression plot showing the selection of key genes that differentiate between degenerated and normal NP tissues. (F) Cross-validation plot for the Lasso model, 
displaying optimal lambda values for feature selection, which minimizes prediction error in distinguishing tissue states. (G) RF importance plot highlighting key 
genes identified by RF analysis. (H) Venn diagram summarizing the overlap of selected genes identified by Lasso and RF models, pinpointing common critical genes. 
(I) Expression profile of identified key genes, comparing expression levels between degenerated and normal NP tissues to highlight differential expression patterns.
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Fig. 4. LAMP1 suppressed lipid accumulation and senescence in NP cells. (A and B) Immunohistochemical detection of LAMP1 expression in mildly and 
severely degenerated NP tissues, scale bar = 100 μM. (C and D) LAMP1 expression in normal and degenerated rat NP tissues, scale bar = 500 μM. (E) Triglyceride 
content in rat NP cells after PA treatment and LAMP1 overexpression. (F) Cholesterol ester content in rat NP cells after PA treatment and LAMP1 overexpression. (G 
and H) Expression of LAMP1 and PLIN2 in rat NP cells after PA treatment and LAMP1 overexpression, detected by Western blot. (I) LDs in rat NP cells after PA 
treatment and LAMP1 overexpression, observed with Biodipy staining, scale bar = 50 μM. (J) Senescence of rat NP cells after PA treatment and LAMP1 over
expression, detected by β-galactosidase staining, scale bar = 100 μM. (K and L) Expression of senescence markers (p53, p21, and p16) in rat NP cells after PA 
treatment and LAMP1 overexpression, detected by Western blot. Data are represented as mean ± SD, *p < 0.05.

T. Qin et al.                                                                                                                                                                                                                                      Journal of Orthopaedic Translation 53 (2025) 12–25 

20 



Fig. 5. SFN promoted LAMP1 expression and lipophagy. (A) Chemical structure of SFN. (B and C) Expression of LAMP1 and autophagy markers (P62 and LC3) in 
rat NP cells after PA and SFN treatment, detected by WB. (D and E) LAMP1 expression in rat NP cells after PA and SFN treatment, observed by immunofluorescence, 
scale bar = 50 μM. (F and G) LC3 expression in rat NP cells after PA and SFN treatment, observed by fluorescence microscopy, scale bar = 50 μM. (H) Interaction 
between LAMP1 and LC3 in rat NP cells after PA and SFN treatment, detected by Co-IP. (I) LDs in rat NP cells after PA and SFN treatment, observed by TEM, the red 
arrow indicates the autolysosomes, scale bar = 5 μM. (J and K) Co-localization of LAMP1 and LDs in rat NP cells after PA and SFN treatment, observed by fluo
rescence microscopy, scale bar = 30 μM. (L and M) Co-localization of LC3 and LDs in rat NP cells after PA and SFN treatment, observed by fluorescence microscopy, 
scale bar = 30 μM. Data are represented as mean ± SD, *p < 0.05.
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Fig. 6. SFN delayed senescence in NP cells through LAMP1-mediated lipophagy. (A) Triglyceride content in rat NP cells after PA, SFN treatment, and siRNA- 
LAMP1 transfection. (B) Cholesterol ester content in rat NP cells after PA, SFN treatment, and siRNA-LAMP1 transfection. (C and D) Expression of LAMP1 and PLIN2 
in rat NP cells after PA, SFN treatment, and siRNA-LAMP1 transfection, detected by Western blot. (E) LDs in rat NP cells after PA, SFN treatment, and siRNA-LAMP1 
transfection, observed with Biodipy staining, scale bar = 50 μM. (F) Senescence and proliferation of rat NP cells after PA, SFN treatment, and siRNA-LAMP1 
transfection, scale bar = 100 μM (white light images), scale bar = 500 μM (IF images). (G and H) Cell cycle distribution of rat NP cells after transfection with 
LAMP1 siRNA, analyzed by flow cytometry, *p < 0.05 compared with CTR group; #p < 0.05 compared with PA group; &p < 0.05 compared with PA + SFN group. (I- 
L) Expression of senescence markers in rat NP cells after PA, SFN treatment, and siRNA-LAMP1 transfection, detected by Western blot. Data are represented as mean 
± SD, *p < 0.05.

T. Qin et al.                                                                                                                                                                                                                                      Journal of Orthopaedic Translation 53 (2025) 12–25 

22 



Fig. 7. SFN attenuated lipid accumulation and senescence in a rat IDD model. (A) Schematic diagram of the experimental protocol in SD rats. (B) MRI and X-ray 
images of rat caudal vertebrae. (C) Assessment of rat IDD using the Pfirrmann grading system. (D) Evaluation of changes in intervertebral disc height (DHI) in rats. (E 
and F) Evaluation and scoring of rat IDD using HE staining and Safranin O-Fast Green staining, scale bar = 500 μM. (G-J) Immunohistochemical detection of LAMP1, 
PLIN2, and p21 expression in rat NP tissue, scale bar = 500 μM. (K) Immunofluorescence detection of LAMP1 and PLIN2 expression in rat NP tissue, scale bar = 500 
μM. Data are represented as mean ± SD, *p < 0.05.
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miR-155/RORα pathway has been identified as a target for mitigating 
cholesterol-induced matrix degradation and NP cell death [50]. In this 
study, we discovered that SFN, a natural isothiocyanate compound, 
effectively promoted lipid clearance within NP cells. Mechanistic in
vestigations revealed that SFN upregulated the expression of LAMP1, 
thereby activating lipophagy pathways. This process significantly 
reduced intracellular lipid accumulation and inhibited cellular senes
cence. In vivo experiments further confirmed that SFN mitigated disc 
degeneration in animal models, highlighting its potential in regulating 
lipid metabolism to delay IDD progression.

Lipophagy, the process by which cells degrade LDs, is essential for 
maintaining intracellular lipid homeostasis [51]. LAMP1 is integral to 
lipophagy, facilitating the fusion of autophagosomes with lysosomes—a 
crucial step in LD degradation [52–54]. In our study, we found lipid 
accumulation and low expression of LAMP1 in degenerated nucleus 
pulposus tissues. Furthermore, overexpression of LAMP1 significantly 
reduced lipid accumulation and senescence in NP cells. However, 
another study has shown that upregulation of LAMP1 in prostate cancer 
cells promotes cellular senescence [34]. This contradictory finding may 
be due to the specific functions and microenvironmental differences 
across cell types. In cancer cells, lysosomal functions may be reprog
rammed, with increased LAMP1 expression promoting 
lysosome-mediated cell death pathways. Therefore, the role of LAMP1 in 
different cell types requires further analysis within the context of spe
cific cellular environments and disease states.

Sulforaphane is a natural compound derived from cruciferous veg
etables such as broccoli, known for its potent antioxidant, anti- 
inflammatory, and anticancer properties [55]. Studies have shown 
that SFN enhances LAMP1 expression by activating the Nrf2 signaling 
pathway. Specifically, SFN relieves the inhibition of Nrf2 by Keap1, 
allowing Nrf2 to translocate to the nucleus, where it binds to the pro
moter of LAMP1 [38,56]. Moreover, SFN plays a crucial role in regu
lating lipid metabolism. For instance, SFN was shown to promote 
lipophagy and lysosome biogenesis by activating the TFEB/NFE2L2 
pathway, thereby reducing damaged lipid accumulation and improving 
oxidative stress [37]. Additionally, in studies on lipid accumulation 
induced by high-fat diets, SFN improved hepatocyte lipid homeostasis 
by accelerating LD degradation via the Nrf2 pathway [36]. In our study, 
we found that SFN not only promoted the expression of LAMP1 and 
LC3II but also enhanced their interaction, suggesting that SFN effec
tively stimulates lipophagy. When LAMP1 expression was knocked 
down, the SFN-induced reduction in lipid accumulation and inhibition 
of senescence were reversed, confirming the essential role of LAMP1 in 
SFN-induced lipophagy. Additionally, previous studies have shown that 
SFN reduces oxidative stress and apoptosis in NP cells, indicating the 
protective effect of SFN on NP cells [57].

In conclusion, this study provides the first comprehensive analysis of 
the regulatory mechanisms of LAMP1-mediated lipophagy in controlling 
lipid accumulation and senescence in NP cells. Our findings reveal the 
potential therapeutic role of sulforaphane in delaying the progression of 
IDD, offering new targets and strategies for treating this degenerative 
condition.
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