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Abstract 

Objective Recently, several studies have reported that nucleus pulposus (NP) cell ferroptosis plays a key role in IDD. 
However, the characteristics and molecular mechanisms of cell subsets involved remain unclear. We aimed to define 
the key factors driving ferroptosis, and the characteristics of ferroptotic NP cells subsets during IDD.

Methods The accumulation of iron ions in NP tissues of rats caudal intervertebral discs (IVDs) was determined 
by Prussian blue staining. Fluorescent probe Undecanoyl Boron Dipyrromethene (C11-BODIPY) and lipid peroxidation 
product 4-Hydroxynonenal (4-HNE) staining were performed to assess lipid peroxidation level of NP cells. The differen-
tially expressed genes in NP tissues with aging were overlapped with FerrDB database to screen ferroptosis driving 
genes associated with aging-related IDD. In addition, single cell sequencing (ScRNA-seq) was used to map the NP 
cells, and further identify ferroptotic NP cell subsets, as well as their crucial drivers. Finally, cluster analysis was per-
formed to identify the marker genes of ferroptotic NP cells.

Results Histological staining showed that, compared with 10 months old (10M-old) group, the accumulation of iron 
ions increased in NP tissues of 20 months old (20M-old) rats, and the level of lipid peroxidation was also enhanced. 15 
ferroptosis driving factors related to IDD were selected by cross-enrichment. ScRNA-seq identified 14 subsets in NP 
tissue cells, among which the number and ratio of 5 subsets was reduced, and the intracellular ferroptosis related 
signaling pathways were significantly enriched, accompanied by enhanced cell lipid peroxidation. Notably, ranking 
the up-regulation fold of ferroptosis related genes, we found Atf3 was always present within TOP2 of these five cell 
subsets, suggests it is the key driving factor in NP cell ferroptosis. Finally, cluster cross-enrichment and fluorescence 
colocalization analysis revealed that Rps6 +/Cxcl1- was a common molecular feature among the 5 ferroptotic NP cell 
subsets.
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Conclusions This study reveals that ATF3 is a key driver of NP cell ferroptosis during IDD, and Rps6 +/Cxcl1- is a com-
mon molecular feature of ferroptotic NP cell subsets. These findings provide evidence and theoretical support for sub-
sequent targeted intervention of NP cell ferroptosis, as well as provide directions for preventing and delaying IDD.
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Introduction
Low back pain (LBP) is a global musculoskeletal disease 
that has significant influence on the quality of life [1–3]. 
Intervertebral disc degeneration (IDD) is the main cause 
of LBP and has been shown to be closely related to aging 
[4, 5]. Physiologically, intervertebral disc (IVD) is a spe-
cial organ composed of endplate, anulus fibrosus, and 
nucleus pulposus (NP) that connects vertebras. With 
aging, degenerative discs are characteristic with stromal 
fibrosis, cell death and excessive release of inflammatory 
factors, and these changes exacerbate the IVDs degrada-
tion [6–8]. NP plays a central role in the homeostasis of 
IVDs, and is responsible for maintaining IVDs height, 
supporting body weight and buffering external forces [9, 
10]. Numerous studies have shown that degenerative NP 
tissues are characteristic with reduction of functional NP 
cells. During IDD, NP cells undergo cell cycle arrest, cell 
death, oxidative stress and secretion of inflammatory fac-
tors and matrix catabolic enzymes, which further affect 
the fate of neighboring normal cell [4, 11, 12]. Therefore, 
further exploration of the key mechanisms causing NP 
cell death and number reduction is of great significance 
for alleviating or delaying IDD.

In recent years, more and more studies have dem-
onstrated that NP cell ferroptosis is involved in the 
aging-related IDD [13, 14]. Ferroptosis is a novel type 
of programmed cell death first proposed by Dixon et al., 
in 2012 [15]. Ferroptosis is lipid peroxidation induced 
by iron overload, and its excessive accumulation will 
cause cell membrane damage and lead to cell death [16]. 
Aberrant activation of genes related to lipid synthe-
sis and oxidative is an important driver of ferroptosis. 
Acyl-CoA synthase long chain family member 4 (Acsl4) 
and lysophosphatidylcholine acyltransferase 3 (Lpcat3) 
are responsible for catalyzing and integrating polyun-
saturated fatty acids (PUFA) into membrane phospho-
lipids (PL). The peroxidation of PUFA bound to the cell 
membrane will directly lead to cell ferroptosis [17, 18]. 
Besides, the imbalance of amino acid antioxidant system 
is another important mechanism causing cell ferroptosis. 
The glutamate-cystine reverse transport system Xc– is 
composed of solute transport families 7 A11(SLC7 A11) 
and SLC3 A2, and exchanges intracellular glutamate for 
extracellular cystine in a ratio of 1:1, thereby synthesiz-
ing GSH, the main antioxidant in cells [19, 20]. Inhibi-
tion of any component of system Xc- disrupts cystine 

uptake and induces ferroptosis [21, 22]. Although abnor-
mal expression of ferroptosis related genes and enrich-
ment of ferroptosis related signaling pathways have been 
identified in aging NP cells, the molecular features of 
ferroptotic NP cells and specific cell clusters targeted by 
ferroptosis in IDD remain largely unknown [23]. There-
fore, a deeper understanding of the characteristics and 
mechanisms of NP cell ferroptosis will help to identify its 
intrinsic pathogenic factors and provide new therapeutic 
targets for IDD.

With the development of high-throughput sequencing 
technology, the comprehensive understanding of tran-
scriptomic characteristics of NP tissues and the iden-
tification of specific NP cell subsets have made a great 
breakthrough [24, 25]. In our previous series of studies, 
we found widespread cell death, decreased number and 
enhanced oxidative stress in aged rat NP cells, which may 
be closely related to NP cell ferroptosis [26–28]. Further-
more, compared with other animal IDD models (such as 
mice, goats and cattle), rat model has many advantages, 
including convenient sampling, shorter life cycle, mod-
erate volume of NP tissues. To obtain a comprehensive 
cellular map of rat IVD NP tissues, further determine 
the role and characteristics of NP cell ferroptosis in IDD, 
we investigate the key factors driving ferroptosis of NP 
cells during aging-related IDD of rats based on conjoint 
analysis of single cell sequencing (ScRNA-seq) and RNA 
sequencing of bulk samples (Bulk RNA-seq). At the same 
time, we also analyzed and identified the expression bio-
markers of NP cell subsets undergoing ferroptosis, which 
contributes to further understanding of the molecular 
mechanism of NP cell ferroptosis in the process of IDD, 
and to determining the potential specific targeted cells 
and signaling molecules for intervention.

Materials and methods
Animals
All male Sprague–Dawley (SD) rats (10M-old: n = 11; 
20M-old: n = 11) were obtained from the Animal Center 
of Second Affiliated Hospital, Army Medical University, 
Chongqing, China. All experimental procedures were 
approved by the hospital Animal Ethics Committee (Reg-
istration approval number: AMUWEC2020088). The 
animals were housed under specific pathogen‐free (SPF) 
conditions at approximately 25 °C and 50% humidity, 
with a 12-h light/dark cycle, and fed ad libitum.
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Rat IVDs and NP tissues harvest
Male SD rats with two ages were classified into two 
groups: 10M-old group (450 ± 45 g, n = 11) and 20M-old 
group (750 ± 75 g, n = 11) (A total of 6 SD rats from both 
groups were used for histopathological evaluation and 8 
rats were used for primary cell extraction. The remaining 
8 SD rats were treated with ScRNA-seq). The tail IVDs 
(Co3/4, n = 3) of 6 rats were obtained, and the 10 μm 
axial cryosections of disc were obtained from its trans-
verse section. Then, the tail IVDs (Co4/5, n = 3) were 
obtained for paraffin embedding, sectionalization, and 
subsequent histological analysis. In addition, NP tissue 
from all tail IVDs of 8 rats was obtained for primary cell 
extraction. All tail IVD NP tissues from the remaining 8 
rats were used for ScRNA-seq.

The NP tissues were harvested as follows: First, rats 
were anesthetized with sodium pentobarbital (0.2%, 0.3 
mL/100 g) and euthanized by cervical dislocation. Next, 
the tails were routinely disinfected, and the skin and 
subcutaneous tissue were incised along the posterior 
midline. Muscles, tendons and ligaments were bluntly 
separated with hemostatic forceps to expose IVDs. 
Finally, an incision was made at the annulus fibrosus to 
obtain milky NP tissue.

Prussian blue staining of rat IVD NP tissue
The caudal IVDs of rat (n = 3) were fixed in 4% para-
formaldehyde (PFA) and decalcified for 2 weeks at 37 °C 
in 10% EDTA decalcification solution. Afterwards, the 
discs were embedded in paraffin and sectioned into 5 μm 
slices for subsequent histological staining. According to 
the manufacturer’s program, the paraffin sections were 
stained with Prussian blue (3,3’-Diaminobenzidine, DAB) 
dye kits (Hubei BIOS Biotechnology Co., LTD.) to assess 
iron ion metabolism. Specifically, (1) the slices were rou-
tinely dewaxed and rehydrated. (2) Perls stain working 
solution (37℃, 20 min) was added in drops, and then 
washed 3 times with distilled water. (3) The incubation 
solution was added (37℃, 10 - 20 min), and then the solu-
tion was soaked with PBS for 3 times. (4) The enhanced 
working solution was added by dropping (37℃, 10 - 20 
min), and then soak with PBS for 3 times. (5) The dye was 
stained by dropping the compound solution for 3 - 5 min, 
and then soaked with distilled water for 10 min. Finally, 
dehydration and sealing are carried out.

Immunofluorescence staining
The frozen sections (n = 3) were rewarmed at room 
temperature for 15 min. Then the membrane was bro-
ken with 0.1% cell permeabilization wash buffer ( Triton 
X- 100:PBS = 1000:1) for 15 min. Frozen section anti-
gen repair solution (Solarbio#C1035) was used to repair 

for 10 min. The slices were sealed and overnight at 4 °C 
with a primary antibody, including 4-HNE (Abcam, No: 
ab46545, 1 mg/mL, dilution: 1:1000), ACSL4 (Abcam, 
No: ab155282, 1 mg/mL, dilution: 1:200), Atf3 (Ther-
mofisher, No: PA5 - 106898, 1 mg/mL, dilution: 1:200), 
Cxcl1 (Affinity Biosciences, No: AF5403, 1 mg/mL, dilu-
tion: 1:500) and Rps6 ( Bioss, No: bsm- 51406M, 1 mg/mL, 
dilution: 1:200). The next day, sections were incubated 
with fluorescently labeled secondary antibodies (DyLight 
488, 594 or 555) for 2 h at room temperature in the 
dark. The cell nuclei were re-stained with DAPI (C1002, 
Beyotime, China), and the staining was observed by 
fluorescence microscopy. Additionally, for C11-BodiPY 
(581/591) staining, the frozen slices rewarmed at room 
temperature were directly added with 50 μl C11-BodiPY 
dye solution (Thermofisher #D3861) and incubated at 
37 ℃ for 45 min. The samples were soaked with TBST 3 
times for 5 min each time. Then 50 μl DAPI working solu-
tion (1μg/mL) was added to stain the nucleus for 10 min. 
Finally, fluorescence intensity was observed by confocal 
microscopy (LSM 880, Carl Zeiss AG, Germany; Resolu-
tion: XY 120nm, Z 500nm).

Conjoint analysis
Two hundred sixty-four ferroptosis inducers were 
obtained from the FerrDb V2 database (http:// www. 
zhoun an. org/ ferrdb/). In addition, differentially expressed 
genes (DEGs) of mRNA-seq were also obtained. Next, 
an overlapping analysis was performed between selected 
gene sets from the FerrDb V2 database and DEGs to 
obtaine ferroptosis related genes that play a role in the 
IDD. To explore the key ferroptosis genes in IDD, we 
further analyzed the expression of overlapped genes 
in subsequent single-cell subsets and ranked their fold 
difference.

Preparation of NP single‑cell suspension
NP tissues of all tail IVDs were collected from a total of 
10 rats in 10M-old (n = 5) and 20M-old (n = 5) groups 
for single-cell suspension. NP tissues were harvested as 
described in 2.2 and were washed with phosphate buffer 
solution (PBS) to remove surface blood clots, and other 
attachments, and chopped into small pieces. The washed 
tissue pieces were added with 2 mL type II collagenase 
(0.2%), gently shaken, digested at 37 °C for 1 h, then fil-
tered through a 70 μm cell filter, and centrifuged for 5 
min (300 g, 4 °C). The precipitated cells were re-sus-
pended in the red cell lysis buffer for 5 min, then filtered 
again through a 40 μm filter and centrifuged to remove 
the lysed red cells. The suspension was resuspended in 
100 μl Dead Cell Removal MicroBeads (MACS 130–090–
101) and remove dead cells using Miltenyi ® Dead Cell 
Removal Kit (MACS 130–090–101). Then, the remaining 

http://www.zhounan.org/ferrdb/
http://www.zhounan.org/ferrdb/
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cells were centrifuged to remove the reagents. After 
washing with PBS containing 0.04% BSA twice, the cell 
precipitates were re-suspended.

Single cell‑seq and library construction
The NP cell suspension was loaded into the 10 × Chro-
mium instrument, cell capture, cDNA amplification and 
library construction were performed according to the 
official library kit instructions (10X Genomics Chro-
mium Single-Cell 3’ kit, V3). Then, the NovaSeq 6000 
sequencing platform was used for sequencing (paired-
end multiplexing run,150 bp). The above technology is 
provided by Hangzhou Lianchuan (LC-Bio Technology 
co.ltd., HangZhou, China).

Processing of scRNA sequencing data
Sequencing data were parsed and converted to fastq for-
mat files using Illumina bcl2 fastq software (version 2.20). 
Then, data quality statistics were performed on the raw 
sequencing data of each sample using Cell Ranger, the 
official analysis software of 10 × Genomics (https:// suppo 
rt. 10xge nomics. com/ single- cell- genee xpres sion/ softw 
are/ pipel ines/ latest/ what- is- cell- range r,versi on3.1.0), and 
the reference genome was aligned. The analysis results 
showed that a total of 17,064 cells were captured from 10 
and 20-month-old NP samples. The analysis result of Cell 
Ranger is imported into Seurat software (version 3.1.1) 
for data dimensionization reduction, cluster analysis, and 
expression matrix analysis. The threshold of quality con-
trol conditions is (1) all genes are expressed in at least 3 
cells, (2) the number of genes expressed in a single cell is 
between 500 and 5000, (3) the number of UMI ≥ 500, and 
(4) the ratio of mitochondrial gene expression is less than 
25%.

Rat NP cell culture
The obtained rat NP tissues were cut into small pieces 
and added with 2 mL type II collagenase (0.2%), gently 
shaken, digested at 37 °C for 1 h. Then, it was filtered 
through a 70um filter, and NP cells were collected. Rat 
NP cells were suspended in DMEM/F- 12 (01–172 - 1 
ACS, BI, USA) containing 20% fetal bovine serum (S711 
- 001 S, Lonsera, Uruguay), 100 units/mL penicillin and 
100 μg/mL streptomycin, spread in T25 culture flasks, 
and cultured at 5% CO2 and 37 °C.

Establishment of NP cell ferroptosis
The ferroptosis of NP cells was induced by erastin. 
According to the reagent manufacturer’s instructions, 
erastin was dissolved with Dimethyl sulfoxide (DMSO) 
and incubated in cultured NP cells at a final concentra-
tion of 5 μmol/mL for 24 h. Besides, PBS and DMSO 
were added to the remaining two groups of NP cells as 

the blank and control group. Then the effect of ferrop-
tosis was detected by CCK8, Real-time PCR and flow 
cytometry.

Real‑time fluorescence quantitative PCR (RT‑qPCR)
Total RNA from NP cells was extracted with TriZol rea-
gent (Invitrogen), and the quality and concentration of 
extracted RNA were determined with NanoDrop ND- 
1000 spectrophotometer (Thermo Scientific, USA). Pri-
meScript RT-PCR kit (Takara) was used to synthesize 
cDNA. Finally, the RT-qPCR system (Thermo Fisher) was 
used to detect mRNA expression of target genes (Work-
ing conditions: 95 °C for 30 s, followed by 40 cycles of 95 
°C for 5 s and 60 °C for 30 s, with GAPDH as the endog-
enous control. The primer sequences for the target genes 
are as follows: Atf3: forward: 5’-agg tgg ccc ctg aag aag at- 
3’, reverse: 5’-ttg ttt cga cac ttg gca gc- 3’; Rps6: forward: 
5’-taa aca aag aag gta aga agc cca g- 3’, reverse: 5’-cgt cgg 
cgt ttg tgt tg- 3’; Cxcl1: forward: 5’-act caa gaa tgg tcg cga 
gg- 3’, reverse: 5’-ctt ggg gac acc ctt tag ca- 3’.

Cell viability quantification
The primary NP cells cultured above were prepared into 
cell suspension, inoculated into 96-well plates (100 μL/
well), and the plates were pre-cultured in an incubator for 
24 h. Then 10 μl of Cell Counting Kit- 8 (CCK- 8) solu-
tion was added to each well and incubated in an incuba-
tor at 5% CO2 and 37 °C for 3 h. Finally, the absorbance at 
450 nm was measured by Microplate reader (SpectraMax 
M2), and the cell activity was calculated according to 
[(Erastin group—blank group)/(DMSO group—blank 
group)] × 100%.

C11‑BODIPY flow staining analysis of NP cells 
The primary NP cells cultured in erastin treatment group, 
control (DMSO) group and blank group were digested 
and washed, and transferred to 1.5 mL brown dark EP 
tubes. Then , centrifuge to discard the supernatant. 1 mL 
of 1 μg/mL C11-BODIPY staining solution was added to 
each tube and stained for 15 min at room temperature in 
the dark. After centrifugation, the supernatant was dis-
carded, and the cells were re-suspended with PBS and 
cleaned 2 to 3 times, and finally the cells were re-sus-
pended with 400 μl PBS. The treated cells were subjected 
to flow cytometry analysis. Finally, data were imported 
into Summit software, the gating conditions were set, the 
target cell population was selected, and the fluorescence 
intensity between the groups was compared to analyze 
the lipid peroxidation level of NP cells.

Statistical analysis
All experiments were independently performed at least 
three times, and the GraphPad Prism software was used 

https://support.10xgenomics.com/single-cell-geneexpression/software/pipelines/latest/what-is-cell-ranger,version3.1.0
https://support.10xgenomics.com/single-cell-geneexpression/software/pipelines/latest/what-is-cell-ranger,version3.1.0
https://support.10xgenomics.com/single-cell-geneexpression/software/pipelines/latest/what-is-cell-ranger,version3.1.0
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for statistical analysis. Normal distribution of the data 
was assessed through Shapiro–Wilk test. In addition, the 
non-normally distributed data is logarithmically con-
verted to normally distributed data. The measured data 
are presented as mean ± standard deviation. Differences 
between two groups of normally distributed data were 
compared by Student’s t test, and the differences between 
groups were compared using one-way ANOVA. P < 0.05 
was considered statistically significant.

Results
NP cell ferroptosis in aging‑related IDD
According to our previous studies, we analyzed three age 
groups of IVDs in humans (youth, middle age and elderly 
group) and rats (2, 10 and 20 months old), and found that 
IVDs showed aging-related degeneration. Notably, com-
pared with the stage from 2 to 10 months old, the differ-
ences in cell death and oxidative stress levels were more 
significant in rats IDD from 10 to 20 months old [27, 28]. 
In this study, we further investigated the molecular fea-
tures of NP cell ferroptosis during rats IDD from 10 to 20 
months old. The research methodology employed is illus-
trated in the graphical flow chart (Fig. 1). Prussian blue 
staining showed the increased accumulation of iron ions 
in outer annulus fibrosus (OAF), internal annulus fibro-
sus (IAF), and NP tissues in the 20 months old (20M-
old) group. (Fig. 2A). In addition, C11-BODIPY staining 
showed that lipid peroxidation levels were increased in 

OAF, IAF and NP tissue cells (Fig. 2B-C), and the expres-
sion of lipid peroxidation product 4-hydroxynonenal 
(4-HNE) was also up-regulated (Fig. 2D-E). Especially in 
NP cells of degenerative IVDs, the differences in ferrop-
tosis related indicators were more pronounced (Fig. 2B-
E), suggesting the occurrence of cell ferroptosis during 
the process of IDD.

To determine whether there are aging-related changes 
in NP cells during IDD, we compared 10 and 20 months 
old NP RNA-seq data obtained from our previous stud-
ies (Expression Omnibus database (https:// www. ncbi. 
nlm. nih. gov/) GSE234369) [29]. The results showed that, 
compared with the 10 months old (10M-old), 307 genes 
were significantly up-regulated and 650 genes were dra-
matically down-regulated in the 20M-old group (Fig. 2F). 
Gene Ontology (GO) analysis showed that the up-regu-
lated genes were mainly enriched in extracellular matrix, 
oxygen transport and negative regulation of angiogen-
esis (Fig.  2G). The down-regulated genes were mainly 
involved in double-strand break repair, vitamin transport 
and negative regulation of hormone metabolic process 
(Fig. 2H). In addition, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis showed that up-regulated 
genes were mainly enriched in TGF-β signaling pathway, 
FoxO signaling pathway and Relaxin signaling pathway 
(Fig. 2I). The down-regulated genes were mainly related 
to the mTOR signaling pathway, biosynthesis of cofactors 
and circadian rhythm (Fig.  2J). These enriched entries 

Fig. 1 Flowchart of the whole study

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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are intrinsic characteristics of cellular aging. Based on 
the above results, it shows that ferroptosis of NP cells 
is closely related to the occurrence and development of 
aging-related IDD.

Comprehensive analysis of ferroptosis related driver genes 
of NP cells
To explore these regulators that contribute to the ferrop-
tosis of NP cells during IDD, we obtained 264 ferroptosis 
related drivers from FerrDb V2 database, and then over-
lapped them with the DEGs of NP tissues with aging. As 
a result, 15 ferroptosis drivers associated with the devel-
opment of IDD were obtained (Fig. 3A), and the details 
are shown in Table  1. The expression changes of these 
15 ferroptosis-related genes were further analyzed based 
on the RNA-seq data of NP tissues. Compared with the 
10M-old, 7 genes were up-regulated and 8 genes were 
down-regulated in the 20M-old group (Fig.  3B). Pear-
son correlation analysis showed that the 15 ferroptosis-
related genes were associated with each other (Fig. 3C). 
Furthermore, GO analysis showed that these genes were 
mainly enriched in cell differentiation, cell proliferation 
and apoptosis, lipid metabolism, glycogen synthesis and 
other biological processes; cell components including 
cell membrane, mitochondria and its outer membrane 
(Fig. 3D). KEGG analysis showed that the 15 ferroptosis-
related genes of NP cells were mainly enriched in insulin 
signaling pathway, mTOR signaling pathway, PI3 K-Akt 
signaling pathway, ferroptosis and hedgehog signal-
ing pathway (Fig.  3E). These enriched terms are closely 
related to aging and IDD [28, 30–32], which demon-
strated that these 15 genes are involved in regulating fer-
roptosis in NP cells of aging IVDs.

The changes of NP cell subpopulations 
during aging‑related IDD
In order to investigate NP cell subpopulations dur-
ing IDD, we performed ScRNA-seq of rat NP cells. The 
schematic workflow of NP cell ScRNA-seq was shown in 
Fig.  4A. After the initial quality control assessment, we 

obtained a total of 17,064 effective cells from both groups 
(Fig. 4B). According to the transcriptomic characteristics 
of each cell subpopulation, it was divided into 14 major 
cell clusters (Fig.  4C). Dimensionality reduction cluster 
analysis showed that although the rat NP cells from two 
groups were composed of the same cell types, the UMAP 
plot of each subpopulation in the two groups showed sig-
nificant differences (Fig.  4D). It has been reported that 
NP tissue cells are composed of notochordal NP cells and 
chondrocyte-like NP cells in IVDs [33]. As the precursor 
NP progenitor cells of all cells in mature IVD NP, noto-
chordal NP cells enable NP tissues to maintain its ability 
of multipotency differentiation and self-renewal [34, 35]. 
We first identified the cluster 13 as notochordal NP cells 
by the reported marker genes Krt8 and Stmn2 [36, 37], 
and Krt7 is a newly identified notochordal NP cell marker 
in this study (Fig.  4E-F). Additionally, chondrocyte-like 
NP cells are mature functional cells in NP tissues, and 
they are also the direct executor of various biological 
functions. According to different biological functions, 
chondrocyte-like NP cells can be divided into effector, 
stromal, regulatory and homeostasis NP cells, etc., which 
together coordinate and maintain IVDs homeostasis and 
have been widely reported [38, 39]. Here, we analyzed the 
changes in the proportion of notochordal NP cells and all 
subsets of mature functional NP cells in aging-associated 
IDD. Specifically, compared with the 10M-old group, the 
cell proportion of cluster 1, 2, 3, 5, 6, 9, 10, 11 and 12 in 
the 20M-old group was markedly increased, while the 
proportion of cluster 0, 4, 7, 8 and 13 was significantly 
decreased (Fig. 4G).

Identification and analysis of ferroptotic NP cell 
subpopulations during IDD
Ferroptosis is a programed cell death characterized 
by iron-dependent lipid peroxidation [40]. To identify 
the specific subpopulations of NP cells undergoing fer-
roptosis during IDD, we focused on the clusters with a 
significant reduction in cell number demonstrated by 
dimensionality reduction clustering, including cluster 0, 

Fig. 2 NP cells ferroptosis increased during rats IDD. A Prussian blue staining of 10 and 20M-old rat tail IVD sections, with magnified representative 
images of IAF, OAF, and NP tissue cells at right. Scale bars, 50 µm. n = 3. B-C C11-BODIPY staining of IVD cross sections from 10 and 20M-old rat 
tails, the representative images of enlarged IAF, OAF, and NP tissue cells are shown on the right. Scale bars, 50 µm (B). The red for unoxidized 
lipids and green fluorescence for oxidized lipids were conducted quantitative statistical analysis (C). Data are expressed as the mean ± SEM (n 
= 3). D-E Immunofluorescence staining of 4-HNE in IVD transverse sections of 10 and 20M-old rat tails. Representative images of enlarged IAF, 
OAF, and NP tissue cells are shown on the right. Scale bars, 50 µm (D). The mean fluorescence intensity of 4-HNE was quantified (E). Data are 
expressed as the mean ± SEM (n = 3). F Bulk RNA-seq of 10 and 20M-old rat NP tissues were obtained from previous studies [29], and the volcano 
plot was drawn according to the differentially expressed genes (DEGs) during IDD (20 vs 10M-old, n = 3). (G-H The top 10 enriched GO terms 
that express significantly up-regulated (G) and down-regulated (H) genes, including three aspects: biological process (BP), cellular component (CC), 
and molecular function (MF). (I-J) The top 10 enriched pathways of genes with significantly up-regulated (I) and down-regulated (J) expression. 
*P < 0.05, **P < 0.01 

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Fifteen ferroptosis related genes play a broad regulatory role in NP cells during rats IDD. A The DEGs in NP cells of rat IDD were 
cross-enriched with ferroptosis drivers in the FerrDb database, and 15 ferroptosis-related genes were obtained. B The heatmap of 15 
ferroptosis-related genes expression in rat NP cells. C Pair-wise Pearson correlation heatmap shows the associations between 15 ferroptosis genes. D 
GO analysis of 15 ferroptosis-related genes. E KEGG enrichment analysis of 15 ferroptosis related genes
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4, 7, 8 and 13 in the 20M-old group (Fig. 5A). GO analy-
sis showed the enrichment of ferroptosis pathway in the 
top 14 biological processes in these five clusters (Fig. 5B). 
Moreover, the abnormalities of iron ion metabolism, 
system Xc- and lipid metabolism are typical features of 
ferroptosis [41–43]. Thus, we further analyzed the expres-
sion of key genes involved in these three typical biologi-
cal processes in the 5 clusters. Analysis results showed 

that, compared with the 10M-old, transferrin recep-
tor protein 1(Tfrc/Tfr1), as the most important mem-
brane protein regulating intracellular iron transport, was 
abnormally up-regulated in the 20M-old group, although 
it was generally less expressed in NP cells (Fig. 5C). The 
deficiency of the mitochondrial protein frataxin (Fxn), 
which is involved in the synthesis of iron-sulfur clus-
ters, further leads to an imbalance of intracellular iron 

Table 1 Details of 15 ferroptosis related genes in rat IVD obtained from NCBI

Gene Description Location Summary

Mtch1 Mitochondrial carrier 1 Chromosome 20, NC_086038.1 
(7391558..7415291)

Predicted to be involved in activation 
of cysteine-type endopeptidase activity 
involved in apoptotic process and positive 
regulation of apoptotic process

Kdm5c Lysine demethylase 5 C Chromosome X, NC_086039.1 
(24821568..24866423)

Predicted to enable histone H3-methyl-lysine- 
4 demethylase activity and zinc ion binding 
activity

Phkg2 Phosphorylase kinase catalytic subunit 
gamma 2

Chromosome 1, NC_086019.1 
(191614738..191627615)

Phosphorylase kinase is a polymer of 16 subu-
nits, four each of alpha, beta, gamma and delta

Nr1 d1 Nuclear receptor subfamily 1, group D, 
member 1

Chromosome 10, NC_086028.1 
(84224599..84231812)

The encoded protein is a ligand-sensitive 
transcription factor that negatively regulates 
the expression of core clock proteins

Tf Transferrin Chromosome 8, NC_086026.1 
(112668667..112695376)

Enables ferric iron binding activity

Tsc1 TSC complex subunit 1 Chromosome 3, NC_086021.1 
(32367434..32416565)

Enables GTPase activating protein binding 
activity and protein N-terminus binding 
activity

Epas1 Endothelial PAS domain protein 1 Chromosome 6, NC_086024.1 
(13543252..13626147)

Enables DNA-binding transcription factor 
activity and cobalt ion binding activity

Ndrg1 N-myc downstream regulated 1 Chromosome 7, NC_086025.1 
(100573526..100614902)

Predicted to enable cadherin binding activity; 
small GTPase binding activity; and tubulin 
binding activity

Nr1 d2 Nuclear receptor subfamily 1, group D, 
member 2

Chromosome 15, NC_086033.1 
(9955034..9981329)

The encoded protein functions as a transcrip-
tional repressor and may play a role in cir-
cadian rhythms and carbohydrate and lipid 
metabolism

Atf3 Activating transcription factor 3 Chromosome 13, NC_086031.1 
(105274103..105331653)

Enables DNA-binding transcription activator 
activity, RNA polymerase II-specific and RNA 
polymerase II transcription regulatory region 
sequence-specific DNA binding activity

Gsk3b Glycogen synthase kinase 3 beta Chromosome 11, NC_086029.1 
(76004502..76154665)

Enables several functions, including ATP bind-
ing activity; protein kinase activity; and signal-
ing receptor binding activity

Scp2 d1 SCP2 sterol-binding domain containing 1 Chromosome 3, NC_086021.1 
(152655282..152656032)

Enables several functions, including ATP bind-
ing activity; protein kinase activity; and signal-
ing receptor binding activity

Timm9 Translocase of inner mitochondrial mem-
brane 9

Chromosome 6, NC_086024.1 
(95346065..95358895)

Predicted to enable chaperone binding activ-
ity; membrane insertase activity; and protein 
homodimerization activity

Kdm5a Lysine demethylase 5 A Chromosome 4, NC_086022.1 
(155238124..155316121)

Predicted to enable several functions, includ-
ing DNA binding activity; histone H3-tri/di/
monomethyl-lysine- 4 demethylase activity; 
and zinc ion binding activity

Lpin1 Lipin 1 Chromosome 6, NC_086024.1 
(45039110..45145845)

Predicted to enable several functions, includ-
ing histone deacetylase binding activity; 
peroxisome proliferator activated receptor 
binding activity; and phosphatidate phos-
phatase activity



Page 10 of 20Chen et al. Arthritis Research & Therapy           (2025) 27:90 

Fig. 4 Single-cell profiling identifies significant changes in the NP cell profile of degraded IVDs. A The processing and analysis workflow of rat IVD 
NP cells for ScRNA-seq. B UMAP plot of total rat IVD NP cells. C 14 cell types were identified based on the different transcriptomes of rat IVD NP cells. 
D UMAP plot of NP cells from 10 and 20M-old rats. E‑F UMAP (E) and violin map (F) of Krt7, Krt8 and Stmn2 expression in the cluster 13 NP cells. 
G The proportion of 14 cell clusters in 10 and 20M-old rat NP tissues
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Fig. 5 Ferroptosis-related genes and pathways are dysregulated in NP cells during IDD. A UMAP plots of NP cells subpopulations 0,4,7,8, and 13 
(named subgroup-a) in 10 and 20M-old rat IVDs. B GO enrichment analysis of highly expressed genes in Group-a cells in the rat degenerative IVDs, 
and the top 14 biological process are shown. C Violin plot shows the expression levels of Tfrc and Fxn in 10 and 20M-old rat NP cells of subgroup-a. 
D Violin plot shows the expression levels of Slc3a2 and Slc7a11 in 10 and 20M-old rat NP cells of subgroup-a. E Violin plot shows the expression 
levels of Acsl4 and Lpcat3 in 10 and 20M-old rat NP cells of subgroup-a
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concentration (Fig.  5C). Besides, the expression of sys-
tem Xc- functional gene Slc3a2 in the 20M-old group 
was down-regulated, and Slc7a11 was only expressed in 
a small number of NP cells, which suggests an impaired 
glutathione reduction in NP cells (Fig. 5D). Furthermore, 
Acsl4 and Lpcat3, the key factors for regulating cell mem-
brane lipid peroxidation to induce ferroptosis, were also 
dysregulated in the 5 clusters (Fig. 5E). Particularly, Acsl4 
was significantly up-regulated in the 5 NP cell clusters, 
indicating an enhanced irreversible damage of cell mem-
branes due to lipid peroxidation (Fig. 5E). Taken together, 
these results demonstrated that ferroptosis occurs in sev-
eral NP cell populations during IDD, which contributes 
to the reduction of functional NP cells and to ultimately 
promoting the progression of IDD.

Atf3 is a crucial driver of NP cell ferroptosis
To elucidate the factors driving the ferroptosis of NP 
cell subpopulations during IDD, we analyzed the expres-
sion of the 15 ferroptosis related driver genes shown in 
Table  1 in NP cell subpopulations. The results showed 
that Scp2 was up-regulated only in cluster 6, while no sig-
nificant changes were observed in other NP cell clusters 
(Fig. 6A). Compared with the 10M-old group, the expres-
sion of Tf, Atf3, Nr1d1 and Kdm5c in the ferroptotic NP 
cells of 20M-old group was more up-regulated (Fig. 6A). 
To further identify the key factors regulating the 5 fer-
roptotic NP cell subsets, we found that Atf3 was most 
dramatically up-regulated in the notochordal cell sub-
population according to ScRNA-seq (Fig. 6B-C). In addi-
tion, Atf3, Epas1, and Nr1 d1 were more up-regulated 
in ferroptotic NP cell clusters 0, 4, 7, and 8 (Fig. 6D-E). 
Notably, compared with the 10M-old, Atf3 was the TOP2 
up-regulated gene in these 5 NP cell subpopulations 
(Fig. 6D-E). Consistently, recent studies have found that 
Atf3 is up-regulated in IDD and promotes NP cells fer-
roptosis to mediate TBHP-induced IDD [44, 45]. Herein, 
we further demonstrated the upregulation of Atf3 on the 
single-cell UMAP of rat NP tissues in the 20M-old group 
(Fig. 6F). Immunofluorescence staining of NP tissues also 
showed an augmented signal intensity of Atf3 (Fig. 6G). 
Furthermore, ferroptosis of NP cells was induced by 

erastin in  vitro (sFigure  1 A-B). The expression of Atf3 
was also significantly up-regulated by erastin treatment, 
which is consistent with Acsl4 (Fig. 6H-I). These results 
suggest that Atf3 is a typical and key ferroptosis driver of 
NP cells.

Rps6 +/Cxcl1 − is a molecular feature of ferroptotic NP 
cells
Gene targeted therapy is one of the key treatment strate-
gies for multiple clinical diseases, including IDD [46–50]. 
To identify common characteristic genes of ferroptotic 
NP cells, we used ScRNA-seq data to compare the aver-
age gene expression of NP cells from clusters 0, 4, 7, 8, 
and 13 (named subgroup-a) with that from clusters 1, 2, 
3, 5, 6, 9, 10, 11 and 12 (named subgroup-b) (Fig. 7A). The 
gene set with high expression in subgroup-a was obtained 
by overlapping the TOP300 differentially expressed genes 
between the two subgroups with the genes with the spec-
ificity (a/b) > 10 (Fig. 7B). Furthermore, a similar overlap-
ping method (b-a, b/a > 10) was used to obtain the gene 
set with low expression in subgroup-a (Fig. 7B). Analysis 
results showed that among the 11 genes obtained, 7 were 
highly expressed and 4 were low expressed. Moreover, 
the expression of these 11 genes in each NP cell subpop-
ulation was analyzed based on the gene expression heat 
map of ScRNA-seq. Rps6 was identified as a specifically 
high expression marker gene of the subgroup-a, while 
Cxcl1 was identified as a specifically low expression gene 
of the subgroup-a (Fig. 7C). Consistently, the violin plot 
also showed that Rps6 and Cxcl1 were able to distinguish 
the two NP cell subgroups with ideal expression speci-
ficity (Fig. 7D). Also, Rps6 + and Cxcl1 − can accurately 
label the ferroptotic NP cell cluster in the UMAP map 
(Fig.  7E). In summary, Rps6 +/Cxcl1 − is a promising 
molecular marker of ferroptotic NP cells during IDD.

To demonstrate that Rps6 +/Cxcl1- is a molecular 
marker of ferroptotic NP cells, erastin was used to induce 
ferroptosis of rat NP cells. The results showed that com-
pared with the control group, the viability of NP cells 
was significantly inhibited by erastin (sFigure 1 A). Flow 
cytometry showed that the lipid peroxidation level of 
NP cells treated by erastin was significantly increased 

Fig. 6 Atf3 expression is up-regulated in ferroptosis NP cells subsets of rat IVDs. A Heat map shows the expression levels of 15 ferroptosis-related 
genes in NP cell subsets of 10 and 20M-old rats. B The expression of ferroptosis-related genes in notochord NP cells of 10 and 20M-old rat IVDs. 
C The proportion changes (up-regulated) of ferroptosis-related genes in notochord NP cells during IDD. D The expression of ferroptosis-related 
genes in chondrocyte-like NP cell subsets 0, 4, 7 and 8 of 10 and 20M-old rat IVDs. E The proportion changes (up-regulated) of ferroptosis-related 
genes in chondrocyte-like NP cell subsets 0, 4, 7 and 8 during IDD. F UMAP plot of Atf3 expression in NP cells from 10 and 20M-old rats. 
G Immunofluorescence staining of 10 and 20M-old rat tail IVD sections, with magnified representative images of NP tissue cells at right. Scale 
bars, 50 µm. n = 3. H-I The primary NP cells cultured in the three groups were incubated with PBS, DMSO or DMSO + Erastin for 24 h, respectively, 
and then the cells were collected. The mRNA expression levels of Atf3 (H) and Acsl4 (I) were detected by Real-Time PCR. Data are expressed 
as the mean ± SEM (n = 3). *P < 0.05, **P < 0.01, NS, no significance

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Fig. 7 Cross enrichment analysis identifies the common maker of 5 ferroptotic NP cell clusters. A Scatter plot reveals the differences of genes 
average expression levels in rat NP cell clusters 0, 4, 7, 8 and13 (named subgroup-a) and 1, 2, 3, 5, 6, 9, 10, 11, 12 (named subgroup-b). B The 
top 300 in (a-b) with (a/b) > 10 genes were cross-enriched to obtain the genes highly expressed in subgroup-a (left). In addition, the top 
300 in (b-a) with (b/a) > 10 genes were cross-enriched to obtain the genes that are low expressed in subgroup-a (right). C Heat map shows 
the average expression levels of the genes obtained by enrichment analysis in the cell subsets of subgroup-a and subgroup-b. D Violin plot 
shows the expression levels of Cxcl1 and Rps6 in rat IVD NP cell subsets of group-a and subgroup-b. E UMAP plots of Cxcl1 and Rps6 expression 
distribution in NP cell subsets
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Fig. 8 Validation of maker genes associated with ferroptotic NP cell subsets. A-B The primary NP cells cultured in the three groups were incubated 
with PBS, DMSO or DMSO + Erastin for 24 h, respectively, and then the cells were collected. The mRNA expression levels of Rps6 (A) and Cxcl1 
(B) were detected by Real-Time PCR. Data are expressed as the mean ± SEM (n = 3). (C‑D) Immunofluorescence staining (Rps6 and Acsl4) of 10 
and 20M-old rat tail IVD cross sections. Scale bars, 500 µm (C), Scale bars, 50 or 10 µm (D). E Immunofluorescence staining (Cxcl1 and Acsl4) of 10 
and 20M-old rat tail IVD cross sections. Representative images of enlarged NP cells are shown on the right. Scale bars, 50 or 10 µm. **P < 0.01, NS, 
no significance
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(sFigure  1B). In addition, Real-time PCR results further 
showed that the transcription of Rps6 was significantly 
up-regulated (Fig. 8A). However, there was no significant 
difference in Cxcl1 transcription (Fig.  8B). Moreover. 
The immunofluorescence staining of Rps6 and Cxcl1 was 
performed on 10 and 20M-old rat IVDs. Results showed 
that, compared with the 10M-old, the NP cells with high 
expression of Rps6 increased in the 20M-old group, and 
the fluorescence intensity of Acsl4 was also consist-
ently up-regulated in the NP cells with high expression 
of Rps6 (Fig. 8C). Importantly, NP cells showed colocal-
ized expression of Rps6 and Acsl4 (Fig. 8D). On the other 
hand, Cxcl1 expression is increased in degenerative rat 
NP tissues, but there was little overlap between Cxcl1 
expression and Acsl4 expression in NP cells (Fig.  8E). 
These results indicates that Rps6 +/Cxcl1- is a molecular 
feature of ferroptotic NP cells.

Discussion
In this study, we found the accumulation of iron in rat NP 
tissues with aging. Also, an enhanced lipid peroxidation 
and increased lipid peroxidation products were shown 
in aging NP tissues. It suggests NP cell ferroptosis with 
the development of IDD. Furthermore, with the conjoint 
analysis of ScRNA-seq of NP cells and Bulk RNA-seq 
analysis of NP tissues, ATF3 was identified as a key factor 
driving NP cell ferroptosis. On the other hand, we further 
demonstrated that Rps6 +/Cxcl1- is a common molecu-
lar feature of ferroptotic NP cell subpopulations, which 
provides a new insight into targeting the delay or treat-
ment of IDD.

There is growing evidence that multiple types of cell 
death lead to the reduction of functional NP cells which 
is associated with the progression of IDD [51–53]. Fer-
roptosis is a new type of programed cell death, and its 
mechanism and characteristics in IDD have not been 
clearly elucidated [23, 54]. Recently, ferroptosis-related 
genes and signaling pathways were found to be enriched 
in NP cells of human and rat degenerative IVDs, indicat-
ing an important role of NP cell ferroptosis in IDD [54, 
55]. Herein, we also found an enhanced ferroptosis of 
NP cells in rat degenerative IVDs. 15 ferroptosis-related 
genes of NP cells were identified by the overlapping anal-
ysis of Bulk RNA-seq of rat NP tissues and FerrDb data-
base. GO and KEGG analysis showed that these genes 
were mainly enriched in cell proliferation and apoptosis, 
lipid metabolism, mitochondrial and outer membrane 
composition, ferroptosis, etc., suggesting an associa-
tion of NP cell ferroptosis with the pathogenesis of IDD. 
Therefore, it is of great importance to further investigate 
the key ferroptosis driving genes and the characteristics 
of ferroptotic NP cells in degenerated IVDs.

Based on the clustering analysis of ScRNA-seq, we 
divided rat IVD NP cells into two main categories: 
notochordal NP cells and chondrocyte-like NP cells. 
Mature chondrocyte-like NP cells are further divided 
into 13 subsets according to their different transcrip-
tome profiles, which play their respective regulatory 
functions in NP tissues (such as matrix formation, car-
tilage development, stress tolerance, etc.). In addition, 
notochordal NP cells, as the precursors of mature NP 
cells, play an extremely important role in the regenera-
tion and differentiation of mature chondrocyte-like NP 
cells [56, 57]. In recent years, researchers have exten-
sively explored notochordal NP cells in human and 
bovine, and identified Krt8 and Stmn2 as the marker 
genes [36, 37, 56]. Herein, Krt7 is a new maker molecule 
of notochordal NP cells that we have found in rat IVDs. 
More and more studies have shown that notochordal 
NP cells with progenitor cell characteristics gradu-
ally disappear during IDD, and the inducible factors 
remain unclear [57, 58]. Importantly, for the first time, 
we found that the imbalance of iron metabolism and 
increased lipid peroxidation in notochordal NP cells 
caused cell ferroptosis, and further reduced its number, 
which provided additional evidence for the disappear-
ance of notochordal NP cells in IDD progression.

Atf3 is a highly conserved transcription factor with 
molecular weight of 21kDa. It acts as a transcriptional 
repressor or activator by interacting with ATF/CREB 
family members or binding to the promoters of target 
genes [59, 60]. During IDD, the expression of Atf3 in NP 
cells is abnormally increased, and its silencing can delay 
the process of IDD by inhibiting ferroptosis, apoptosis 
and ECM degradation of NP cells [45]. Moreover, Atf3 
promoted the recruitment of macrophages to participate 
in IDD progression by activating CCL2/7-CCR2 signaling 
pathway in NP cells [61]. These studies suggest that Atf3 
plays a crucial role in the occurrence and development 
of IDD. More importantly, recent studies have reported 
that Atf3 is one of the hub genes inducing ferroptosis in 
various diseases including cancer, liver fibrosis and acute 
lung injury [62–64]. In the current study, we found that 
the expressions of Tsc1, Tf, Atf3, Lpin1, etc. were sig-
nificantly up-regulated in ferroptotic NP cell subpopu-
lations. Notably, Atf3 is the only gene within the TOP2 
up-regulated genes of the 5 ferroptotic NP cell subpopu-
lations and is shown to be significantly up-regulated in 
rat aging-related IDD and erastin treated NP cells, indi-
cating its unique and critical role in NP cell ferroptosis. 
However, Atf3 was partially up-regulated in other NP cell 
subpopulations and may play different biological func-
tions. The targeted regulation of Atf3 expression in fer-
roptotic NP cell subpopulations is a promising strategy 
for delaying and treating IDD.
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Rps6, also known as phosphoprotein NP33, is a riboso-
mal protein belonging to the 40S small ribosomal subunit 
[65, 66]. Rps6 is considered as a stimulator or inhibitor 
of certain protein synthesis and plays an important regu-
latory role in cell metabolic balance, aging, proliferation 
and apoptosis [67–70]. In fact, unphosphorylated Rps6 
and phosphorylated Rps6 (p-Rps6) have different func-
tions in regulating cell fate. For example, unphospho-
rylated Rps6 in tumor cells is a selective mediator of 
TRAIL-induced apoptosis [71]. It has been reported that 
unphosphorylated Rps6 is not only the inactive form of 
p-Rps6, but its N terminus also has pro-apoptotic activ-
ity, which can sensitize HeLa cells to TRAIL. Unphos-
phorylated Rps6 is a specific highly expressed molecule 
for cell death [57]. On the other hand, p-Rps6 has been 
shown to be strongly associated with cell senescence and 
death. Alessio et  al. reported that Ki67 (−), p-Rps6 (+) 
and SA-β-gal (+) are typical markers of senescent cells 
[72]. Furthermore, in oocytes, decreased WIP1 expres-
sion accelerates aging throughout the ovary by activat-
ing Rps6 phosphorylation to promote primal follicle 
depletion [73]. These studies suggest that different modi-
fied forms of Rps6 play an important role in cell senes-
cence and death. In our study, we found that Rps6 was 
highly expressed specifically in ferroptotic NP cells. More 
importantly, Rps6 was co-expressed with Acsl4 in NP 
tissues, suggesting that Rps6 is a potential biomarker of 
NP cell ferroptosis. However, it is necessary to point out 
that the correlation between Rps6 and Atf3 in NP cells 
and the exact roles of Rps6 in NP cell ferroptosis are still 
unclear. Furthermore, as the effects of phosphorylation 
or unphosphorylation of Rps6 on NP cell ferroptosis and 
IDD remain to be further elucidated.
Cxcl1 gene is located at the 4q12-q13 CXC chemokine 

gene cluster [74]. In 1987, Cxcl1 has been shown to be 
a product of the growth regulatory gene [75]. Cxcl1 is 
also one of the most important chemokines and is mainly 
involved in the development of many inflammatory dis-
eases. Especially in aging-related diseases, the up-reg-
ulation of chemokine Cxcl1 induces the migration and 
infiltration of neutrophils, thus promoting the develop-
ment of inflammation [76]. Besides, Cxcl1 promotes the 
proliferation of tumor cells [77, 78]. Cxcl1 is a potential 
biomarker of reactive activation and proliferation of cells, 
mediating the clearance of damaged and dead cells, as 
well as tissue repair. It is one of the most significantly up-
regulated inflammatory cytokines in aging dermal white 
adipose tissues [79]. In the inflammatory phase of wound 
healing, Cxcl1 causes the recruitment of neutrophils, 
which leads to the clearance of pathogens and diseased 
cells from the damaged skin [80]. Moreover, treatment 
of primary mesenchymal stromal cells isolated from 
human osteoarthritis cartilage with recombinant Shh 

significantly increased cell number and proliferation rate, 
activated the expression of chondrogenic markers Col2a1 
and Acan, and Cxcl1 [81]. Consistent with the previous 
studies, Cxcl1 was mainly expressed in some aging and 
inflammatory NP cell subsets of degenerative rat IVDs, 
which may be a senescence-associated secretory pheno-
type (SASP) that accompanies degenerative diseases. On 
the other hand, Cxcl1 was not expressed in ferroptotic 
NP cells. Thus, it is a promising biomarker to distinguish 
NP cell ferroptosis.

However, there are some limitations in our study. We 
used NP tissues and NP cells from male rat caudal IVDs 
for mRNA-seq and ScRNA-seq, ignoring possible bias 
due to the gender. In addition, due to the biomechani-
cal environment, circadian rhythm and aging process 
of rat tail IVDs are different from that of human IVDs. 
Moreover, we only focused on rats aging related degen-
eration, and the other degeneration causes were not 
considered. Further studies on the characteristics of fer-
roptosis NP cells in different animal models and human 
samples (male and female) will provide a perspective to 
fully understand the relationship between ferroptosis and 
aging-related IDD. Besides, according to our previous 
results, the three age groups of rats have different degen-
eration characteristics, the time and gene regulatory 
mechanisms of cell death may be also different. There-
fore, in the future studies, comprehensive analysis of the 
ferroptosis related gene changes in IVDs at different ages 
will further explain the key role of NP cell ferroptosis in 
aging-related IDD, which might provide an important 
preliminary theoretical basis for the subsequent study of 
clinical diagnosis and targeted gene therapy in IDD.

Conclusion
In conclusion, our study demonstrates that NP cell fer-
roptosis is associated with the development of IDD. Atf3 
is a key factor inducing ferroptosis of NP cells. Moreover, 
Rps6 +/Cxcl1 − is a promising common molecular fea-
ture of ferroptotic NP cell subpopulations. These findings 
provide important clues for further elucidating the mech-
anism of NP cell ferroptosis and exploring gene-targeted 
therapeutic strategies for IDD.
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IDD  Intervertebral disc degeneration
NP  Nucleus pulposus
IVD  Intervertebral disc
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Acsl4  Acyl-CoA synthase long chain family member 4
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ScRNA-seq  Single cell sequencing
Bulk RNA-seq  RNA sequencing of bulk samples
DEGs  Differentially expressed genes
CCK- 8  Cell Counting Kit- 8
OAF  Outer annulus fibrosus
IAF  Internal annulus fibrosus
KEGG  Kyoto Encyclopedia of Genes and Genomes
GO  Gene Ontology
Tfrc/Tfr1  Transferrin receptor protein 1
Fxn  Frataxin
p-Rps6  Phosphorylated Rps6
SASP  Senescence-associated secretory phenotype
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