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Introduction: Ferroptosis plays a significant role in intervertebral disc
degeneration (IDD). Understanding the key genes regulating ferroptosis in IDD
could reveal fundamental mechanisms of the disease, potentially leading to new
diagnostic and therapeutic targets.

Methods: Public datasets (GSE23130 and GSE70362) and the FerrDb database
were analyzed to identify ferroptosis-related genes (DE-FRGs) involved in IDD.
Single-cell RNA sequencing data (GSE199866) was used to validate the specific
roles and expression patterns of these genes. Immunohistochemistry and
Western blot analyses were subsequently conducted in both clinical samples
and mouse models to assess protein expression levels across different tissues.

Results: The analysis identified seven DE-FRGs, including MT1G, CA9, AKRIC1,
AKR1C2, DUSP1, CIRBP, and KLHL24, with their expression patterns confirmed by
single-cell RNA sequencing. Immunohistochemistry and Western blot analysis
further revealed that MT1G, CA9, AKR1C1, AKR1C2, DUSPI1, and KLHL24 exhibited
differential expression during the progression of IDD. Additionally, the study
highlighted the potential immune-modulatory functions of these genes within
the IDD microenvironment.

Discussion: Our study elucidates the critical role of ferroptosis in IDD and
identifies specific genes, such as MT1G and CA9, as potential targets for
diagnosis and therapy. These findings offer new insights into the molecular
mechanisms underlying IDD and present promising avenues for future
research and clinical applications.

KEYWORDS

intervertebral disc degeneration, ferroptosis, bioinformatics analysis, immune cell
infiltration, single-cell RNA sequencing

1 Introduction

Intervertebral disc degeneration (IDD) is a leading cause of disability worldwide. It
accounts for a significant proportion of lower back pain episodes globally (Andersson, 1999;
Chen S. et al., 2021). A large portion of adults experience lower back pain at some point in
their lives. Beyond diminishing the patient’s quality of life, this affliction exerts a profound
economic strain on healthcare systems and society. IDD is driven by complex mechanisms
including genetic predispositions, which indicate a hereditary vulnerability; mechanical
stress from activities such as heavy lifting that strain the spine; cellular apoptosis, leading to
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a decline in the cells essential for disc maintenance; and obesity,
which not only increases the load on the discs but also exacerbates
degeneration through inflammatory and biochemical pathways.
Each factor contributes uniquely to the progression of IDD.
Contemporary therapeutic strategies, be they conservative or
surgical, predominantly focus on palliating the associated pain
but fall short in halting or reversing the degenerative process of
IDD (Ma et al.,, 2022; Xin et al,, 2022). Consequently, there’s an
imperative to channel research toward identifying therapeutic
strategies at the molecular or cellular level for IDD. This could
herald a paradigm shift in treatment modalities, not only preserving
the intrinsic biological functionality of the lumbar intervertebral
discs  but
lower back pain.

In recent years, ferroptosis, a distinct form of cell death linked to

also significantly curtailing the prevalence of

oxidative stress and dysregulation of iron metabolism, has received
significant attention. Its involvement is recognized in numerous
diseases, particularly neurodegenerative disorders and cancers (Wei
et al., 2022; Masaldan et al., 2019; Ge et al., 2022). There has been
marked progress in understanding the role of ferroptosis in
degenerative diseases, with many such diseases confirmed as
related to ferroptosis (Yang et al.,, 2021). Considering that IDD is
a degenerative condition marked by pronounced cell death,
researchers are examining the potential importance of ferroptosis
in IDD progression (Yu et al., 2022; Wang et al., 2022). However,
current studies on ferroptosis in IDD are still nascent, necessitating
further inquiry to clarify the associated pathways in intervertebral
disc cells and prospective gene-targeted treatments. Ferroptosis’s
interaction with the immune system is crucial for understanding
IDD progression. Ferroptosis both influences and is influenced by
the immune system, directly impacting the progression of IDD. For
instance, macrophages play a central role in this interaction by
releasing inflammatory cytokines such as TNF-a and IL-1f, which
not only drive inflammation but also enhance ferroptosis, leading to
increased matrix breakdown and exacerbating degeneration.
Additionally, ferroptosis can activate immune regulation, where
immune cells release cytotoxic substances and apoptotic signals,
further promoting disc cell death and accelerating the progression of
IDD. This dynamic interplay between ferroptosis and the immune
system creates a feedback loop that worsens the degenerative process
(Capossela et al., 2014; Ye et al., 2022; Zhang F. et al., 2023). Despite
the significance of these interactions, research on immune cell
infiltration during IDD progression remains limited, and the
exact interplay between ferroptosis and immune infiltration in
IDD has yet to be fully elucidated (Zhang et al, 2021; Wang
et al.,, 2021).

Bioinformatics provides a powerful tool for uncovering complex
disease mechanisms through the analysis of vast gene and protein
databases. This approach is crucial for connecting the clinical
features of IDD with their biological underpinnings. By using
computational tools to study genetic and protein data,
researchers can identify key biomarkers and targets for therapy,
linking clinical outcomes with molecular discoveries to improve
understanding and treatment options.

In our research, we used bioinformatics tools to conduct a
comprehensive analysis that included Gene Ontology (GO)
enrichment, KEGG pathway elucidation, and immune infiltration
evaluation. The credibility of the identified DE-FRGs was rigorously
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tested through validation across varied datasets and Receiver
Operating Characteristic (ROC) curve assessments. Subsequently,
single-cell databases were employed to verify these genes and
ascertain their expression in specific cell subtypes. Ultimately, the
expression of these genes in clinical and mouse specimens was
identified through immunohistochemistry and Western blotting,
revealing key genes associated with ferroptosis in disc degeneration.
These findings pave the way for novel therapeutic strategies
targeting ferroptosis in IDD.

2 Materials and methods
2.1 Data collection and preprocessing

Following download and filtration processes, microarray data
and platform annotation were sourced from the GEO datasets
GSE23130 and GSE70362. GSE23130 was designated as the
training dataset, while GSE70362 was used as an external dataset.
Data analysis was conducted using the R programming language
(version4.1.1).

2.2 Differential expression analysis of
ferroptosis-related genes

The repeatability of the microarray data was assessed using
principal component analysis. Differential analysis was executed
using the “limma” package (Ritchie et al., 2015). For GSE23130,
genes with [log2FC|>1 and P-value <0.05 were identified as
differentially expressed genes (DEGs). In contrast, for GSE70362,
the criteria were |Foldchange|>1.5 and P-value < 0.05. The
“heatmap” and “ggplot2” packages (Steenwyk and Rokas, 2021)
were utilized to generate heatmaps, volcano plots, and box plots.
DE-FRGs were derived from the overlap between DEGs and
ferroptosis-related genes (FRGs), with Venn plots illustrating
the results.

2.3 Enrichment analyses

Enrichment analyses included Gene Ontology (GO) (The
Gene Ontology, 2004) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa and Goto, 2000) methodologies
using the “clusterProfiler” package (Yu et al, 2012). GO
enrichment delved into biological processes (BP), cellular
components (CC), and molecular (MF), with
significance defined by an adjusted P-value < 0.05. The

functions

“clusterProfiler” package also facilitated Gene Set Enrichment
Analysis (GSEA) (Subramanian et al., 2005), while visualization
was achieved with the “enrichplot” package. The C5 GO gene sets
database (c5.all.v7.1.symbols.gmt) from the Molecular Signatures
Database (MSigDB) (Liberzon et al., 2011) helped pinpoint
significant biological processes between control and IDD
Similarly,  the C2 gene  sets
(c2.all.v7.1.symbols.gmt) from MSigDB illuminated enriched

groups. curated

signaling pathways. Significant functional enrichment was
discerned with thresholds of FDR < 0.25 and P < 0.05.
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2.4 ldentification and verification of
key genes

We validated the differential expression of candidate key DE-FRGs
using an external dataset and identified the key DE-FRGs with specific
expressions in AF and NP. In the receiver operating characteristic
(ROC) analysis, we evaluated the diagnostic potential of these key DE-
FRGs using the “pROC” package. Ideally, the Area Under the Curve
(AUC) should fall between 0.5 and 1; an AUC approaching 1 indicates
superior diagnostic quality.

2.5 Single-cell RNA-Seq data processing

The GSE199866 dataset was downloaded from the GEO database,
comprising four samples including non-degenerated and degenerated
NP and AF cells (NPnD, NPD, AFnD, AFD), totaling 14,001 cells. Data
preprocessing and subsequent analyses were performed using the Seurat
(v4.3.0) R package. Quality control parameters were set as follows: the
number of features greater than 300 or less than 8,000; cells with count
numbers between 500 and 60,000 were retained; cells with
mitochondrial gene expression percentages over 20% and a
hemoglobin proportion higher than 10% were removed. Following
this, data normalization was conducted, principal component analysis
(PCA) was applied for dimensionality reduction, and batch effects were
mitigated using Harmony. Clustering and visualization were performed
using the UMAP method with a resolution of 0.5. Clusters were
identified using Seurat’s Find All Clusters function. Gene Set
Variation Analysis (GSVA) was utilized to analyze pathway activities
in  clusters from  single-cell  transcriptomes,  utilizing
“c5.80.v2023.2. Hs.symbols.gmt” gene sets from MSigDB. Pseudotime

analysis and visualization were performed using Monocle2.

2.6 Clinical data acquisition and specimen
collection

Following approval from our hospital’s ethics committee,
24 discarded intervertebral disc tissue samples were collected
from patients undergoing posterior lumbar discectomy at the
Department of Spine Surgery. All participating patients were
informed about the study and provided written consent.

All tissue samples were sourced from either the 14/5 or L5/
S1 segments and were subjected to magnetic resonance imaging
(MRI) assessments. The degree of disc degeneration was evaluated
using the Pfirrmann score (Pfirrmann et al., 2001) based on pre-surgery
MRI findings. In this grading system, grade I signifies no degeneration,
grades 2-3 denote mild degeneration, and grades 4-5 indicate severe
degeneration. For the purposes of this study, samples with grades
2-3 were categorized into the mild-IDD group, while those with
grades 4-5 were grouped into the severe-IDD category.

2.7 Intervertebral disc degeneration
mouse model

This study involved twenty-four 8-week-old C57 mice, used under
the approval of our institution’s animal experimentation committee.
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The mice were randomly assigned into two groups: a control group
(Control) and an experimental group (IDD). The experimental protocol
involved placing each mouse in a specialized device within a large cage,
partially filled with 5 mm of water. This environment encouraged the
mice to maintain a bipedal stance for 6 h each day over a period of
1 week. Outside of these hours, the mice were allowed free movement
and access to food and water. This regimen was designed to exert
significant stress on the lumbar spine, thereby inducing lumbar IDD
(Ao et al,, 2019). The experiment lasted for 12 weeks, after which all
mice were humanely euthanized for further analysis.

2.8 Histological and
immunohistochemistry studies

In the histological analysis phase, each tissue sample was initially
fixed in 4% paraformaldehyde, then decalcified, embedded in paraffin,
and finally sectioned into 4-um thick slices. These prepared sections
underwent deparaffinization and rehydration, followed by staining with
hematoxylin and eosin (H&E), Masson’s trichrome, and safranin O/Fast
green (SOFQG) in accordance with the manufacturer’s guidelines. For the
histological grading, we used the Weiler et al. (2011) scale for clinical
specimens and the Tam et al. (2018) scale for mouse specimens, with
three independent researchers performing the grading for each group.

The immunohistochemistry (IHC) analysis involved several key
steps. After the deparaffinization and rehydration of paraffin
sections, antigen retrieval was conducted by microwaving human
tissue sections in EDTA buffer (pH 8) and mouse sections in citrate
buffer (pH 6) for 3 min. We quenched endogenous peroxidase
activity by treating the sections with 3% hydrogen peroxide for
15 min in a dark environment. To block non-specific binding, the
sections were incubated with goat serum (AR0009, Boster, China)
for 1 h. Following this, sections were incubated overnight at 4°C with
the primary antibodies, specifically GPX4 (1:100; T56959, Abmart),
MTIG (1:100; LS-B13009, BioSciences), CA9 (1:100; T55592,
Abmart), DUSP1 (1:100; T56588, Abmart), AKR1C1/2 (1:100;
T58076, Abmart), and KLHL24 (1:100; PU160205, Abmart).
Subsequently, they were treated with goat anti-rabbit IgG (H +
L) HRP secondary antibody (BF03008X, Bio-dragon) for 2 h at room
temperature. Visualization was achieved using DAB (Service-Bio,
Shanghai, China), and hematoxylin was used for counterstaining.
The stained sections were examined under an Olympus
BX63 microscope (Olympus, Tokyo, Japan), and the proportion
of positive staining was quantitatively assessed using Image |
software (NIH, United States).

2.9 Western blot

Clinical IVD specimens (mild-idd group: severe-idd group = 2:
2), alongside mouse IVD specimens (control group: idd group = 2:
2), were central to this study. All samples were immediately frozen in
liquid nitrogen and stored at —80°C before Western blot analysis.
Tissues were lysed with RIPA buffer, and proteins were resolved via
SDS-PAGE, transferred to PVDF membranes, and probed with
primary antibodies, including GPX4, MTIG, CA9, and GAPDH.
Detection was performed using chemiluminescence, and signal
quantification was facilitated by Image Lab software.
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Data preprocessing of microarray data and DE-FRGs in GSE23130. (A) al, The boxplot of GSE23130 before sample data standardization. a2, The
boxplot of GSE23130 after sample data standardization. (B) Principal component analysis of the microarray data set GSE23130. (C) Volcano plot of
GSE23130. Red refers to upregulated expression. Blue refers to downregulated ex-pression. Gray indicates no difference in expression. (D) Venn diagrams
indicating 68 DE-FRGs. Blue indicates the 1899 DEGs. Yellow indicates the 564 FRGs. (E) Heatmap of the 68 DE-FRGs in Intervertebral disc.

2.10 Immune cell infiltration estimation

CIBERSORT is a specialized deconvolution method that
discerns and quantifies the infiltration of 22 distinct immune cell
subtypes (Newman et al,, 2015). Using the CIBERSORTR script, we
assessed the abundance of these 22 immune cells in the
GSE23130 dataset. Visualization of results was facilitated through
the “vioplot” package. To determine the correlations between
infiltration rates of different immune cell types, we used the
“complot” package. Spearman’s correlation analysis was executed
on pivotal DE-FRGs and infiltrating immune cells employing the
“ggpubr” and “ggExtra” packages. Further, we utilized the Wilcoxon
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signed-rank test to identify the differentially infiltrated immune cells
(DIICs) in the IDD group in contrast to the control group, with
significance set at P < 0.05.

2.11 Statistical analysis

Statistical evaluations in this study were conducted using various
software tools: R (version 4.1.0), SPSS 20.0 (SPSS Inc., Chicago, IL,
United States), and GraphPad Prism 9.0.0 (GraphPad Software, La
Jolla, CA, United States). Data representation was in the format of
mean * standard error of the mean for all the parameters measured.
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Enrichment analysis of 68 DE-FRGs in Intervertebral disc. (A) The bubble plot displays the gene Ontology (GO) enrichment analysis of 68 DE-FRGs in

the Intervertebral disc. (B) The bubble plot shows the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of 68 DE-FRGs in the Intervertebral
disc. (C) Ridge plot of GSEA results for C2 pathway. (D) d1, The GSEA enrichment plot indicates that BPs relating to ferroptosis are enriched in the IDD
group. d2, The GSEA enrichment plot indicates that BPs relating to ROS are enriched in the IDD group. d3, The GSEA enrichment plot indicates that

BPs relating to collagen are enriched in the IDD group. d4, The GSEA enrichment plot indicates that BPs relating to immunity are enriched in the IDD
group. d5, The GSEA enrichment plot indicates that BPs relating to bone development are enriched in the IDD group.

For statistical comparisons, Student’s t-tests were applied,
considering P < 0.05 as the threshold for statistical significance.

3 Results

3.1 Screening of DEGs and identification of
DE-FRGs

In this section, we describe the process of identifying
differentially expressed genes (DEGs) and ferroptosis-related
genes (DE-FRGs) involved in intervertebral disc degeneration
(IDD). Microarray data GSE23130 was sourced from the GEO
database. After normalization (Figure 1A), we conducted PCA
(Principal Component Analysis) as depicted in Figure 1B. Based
on the PCA outcomes, we eliminated outlier samples and
subsequently considered ten normal and 6 IDD samples from
the dataset for further examination. The differential expression
analysis 1899 DEGs:
1,355 upregulated, visualized in the volcano plot (Figure 1C).
Using the FerrDb V2 database, we retrieved a set of 564 FRGs.
Their intersection with the 1899 DEGs yielded 68 ferroptosis-
related DEGs, depicted in the heatmap (Figures 1D, E). Detailed
data regarding 68 DE-FRGs
Supplementary Table 1.

revealed 544 downregulated and

these can be found in
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3.2 Enrichment analyses of DE-FRGs

To elucidate the biological functions of the 68 DE-FRGs, we
undertook KEGG and GO analyses. The KEGG analysis spotlighted
significant engagement of pathways like Ferroptosis, NOD-like
receptor, FOXO, and VEGF (Figure 2A)
Supplementary Table 2).

The GO enrichment analysis provided insights into the

(refer to

functions of differentially expressed ferroptosis-related genes
(DE-FRGs), highlighting their involvement in key processes that
are linked to iron-induced cell death or ferroptosis. In the Biological
Process (BP) category, these genes were primarily involved in
maintaining  cellular iron ion homeostasis, glutathione
metabolism, and regulating fatty acid metabolism, all of which
are crucial for controlling the iron levels and oxidative state
within cells. Furthermore, they were involved in mitochondrial
outer membrane permeabilization, a critical event in
programmed cell death that can be triggered by iron overload
and lead to cell death. In the Cellular Component (CC) category,
there was notable enrichment in structures like the mitochondrial
outer membrane and the late endosome, which are essential in
managing cellular iron distribution and could play roles in initiating
ferroptosis if dysregulated. Lastly, in the Molecular Function (MF)
category, associations with antioxidant activity, NF-kB binding, and

ubiquitin-specific protease binding suggest mechanisms by which
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in expression. (C) c1, Heatmap of the 45 DE-FRGs for NP. c2, Heatmap of the 26 DE-FRGs for AF. (D) Venn diagrams indicate 45 DE-FRGs for NP and

26 DE-FRGs for AF. Blue indicates the 68 DE-FRGs derived from the Intervertebral disc dataset. Yellow indicates the 564 FRGs, Red indicates 45 DE-FRGs
for NP, and Green indicates 26 DE-FRGs for AF. (E) e1, ROC curves of MT1G, and CA9 in NP tissues. €2, ROC curves of NP-specific DE-FRGs. e3, ROC
curves of MT1G, and CA9 in AF tissues. e4, ROC curves of AF-specific DE-FRGs.

these genes might influence ferroptosis. Antioxidant activity is
crucial in mitigating oxidative stress caused by iron, while NF-kB
and ubiquitin-specific proteases could regulate the cellular response
to stress and damage, including ferroptosis (Figure 2B) (details in
Supplementary Table 3). These findings collectively underscore the
complex interplay of molecular functions that govern iron-induced
cell death, linking cellular iron management with the pathways
leading to ferroptosis.

Frontiers in Cell and Developmental Biology

GSEA, utilizing C2 gene sets, was illustrated via a ridge plot
(Figure  2C), highlighting pathways like INTERLEUKIN
1 SIGNALING, SIGNALING BY WNT, PI3KAKT SIG-NAL-
ING PATHWAY, these pathways are known to be involved in
inflammation, cell proliferation, and survival, which can be crucial
in the context of IDD progression. Subsequent GSEA enrichment
plots for GO gene sets confirmed the predominance of processes like
iron ion homeostasis, response to metal ions, and glutathione
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metabolism in the IDD group (Figure 2d1). These processes are
directly linked to managing iron levels and detoxifying reactive
oxygen species (ROS), implicating ferroptosis could significantly
contribute to IDD pathology. Additionally, there were discernible
enrichments related to ROS (Figure 2d2), collagen (Figure 2d3),
immunity (Figure 2d4), and bone development (Figure 2d5) within
the IDD group. A comprehensive summary of the GSEA findings is
provided in Supplementary Table 5. Obtain seven key DE-FRGs in
Nucleus Pulposus (NP) and Annulus Fibrosus (AF), these genes are
essential for understanding the molecular mechanisms of IDD and
how ferroptosis might be specifically managed in these tissues to
potentially mitigate disease progression.

We retrieved the GSE70362 microarray expression profiling
dataset from the GEO database, utilizing it as a validation set.
From this, 16 fibrillar and 16 myeloid samples were chosen for
normalization (Figures 3al, 3a2). Subsequent differential expression
analyses pinpointed 632 DEGs in AF and 991 DEGs in NP. For the
DEGs in AF, 373 genes exhibited downregulation, while 259 showed
upregulation. In contrast, the NP samples had 587 downregulated
genes and 404 upregulated ones. These distributions are depicted in
volcano plots (Figures 3bl, 3b2). By intersecting 564 FRGs with the
identified DEGs in AF (632) and NP (991), we ascertained 26 DE-
FRGs for AF (Figure 3d1) and 45 DE-FRGs for NP (Figure 3d2). The
heatmaps showcasing these intersections can be observed (Figures
3cl, 3¢2). More granular details on DE-FRGs in AF and NP are
cataloged in Supplementary Table 5 and Supplementary Table 6,
respectively.

To pinpoint diagnostic biomarkers integral to IDD, we carried
out an intersection analysis on the 68 DE-FRGs derived from the
Intervertebral disc dataset. This scrutiny illuminated two central
DE-FRGs - MTIG and CA9 - consistently expressed in both AF and
NP regions. Intriguingly, KLHL24 surfaced as a unique DE-FRG
confined to AF, whereas NP revealed a distinct preference for four
DE-FRGs: AKRICI, AKRIC2, DUSPI, and CIRBP (Figure 3d3).

Seven key DE-FRGs was assessed via receiver operating
characteristics (ROC) using an external dataset. In NP tissues,
MTIG and CA9 showcased AUC values of 0.953 and 0.922
(Figure 3el). The ROC curve for the NP-specific DE-
FRGs—AKRICI, AKRIC2, DUSPI, and CIRBP—exhibited AUC
values of 1.000, 0.922, 0.766, and 0.828, respectively (Figure 3e2).
Meanwhile, in AF tissues, MT1G and CA9 showcased AUC values of
0.875 and 0.859, respectively (Figure 3e3). The AF-specific DE-FRG,
KLHL24, displayed an AUC value of 0.812 (Figure 3e4).

These enrichment analyses reveal the complex interplay of
molecular functions and pathways that govern ferroptosis in
IDD, offering potential targets for therapeutic intervention.

3.3 Confirmation of expression patterns of
ferroptosis key genes in a single-cell dataset

To further explore the expression of key DE-FRGs at the single-
cell level, we analyzed a single-cell RNA-seq dataset to identify the
cell types and clusters expressing these genes in non-degenerated
and degenerated intervertebral disc tissues.

Our analysis incorporated the GSE199866 single-cell RNA-seq
dataset, which included 3,955 NP cells from non-degenerated discs
(NPnD), 3,678 NP cells from degenerated discs (NPD), 3,226 AF
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cells from non-degenerated discs (AFnD), and 3,142 AF cells from
degenerated discs (AFD). We analyzed the single-cell data after
quality control and visualized all cells through UMAP plots (Figures
4A, B), revealing 9 clusters with distinct expression profiles,
designated as clusters 0-8. This reflects the heterogeneity of
intervertebral disc cell functions. These plots reveal the distinct
transcriptional identities of cells in non-degenerated versus
degenerated  conditions, highlighting  potential molecular
pathways impacted by disc degeneration.

To identify the functions of each cluster and explain the role of
DE-FRGs in IDD.GSVA enrichment analysis was performed on the
single-cell transcriptomes, displaying the most representative
metabolic pathways using a heatmap (Figure 4C). Additional
results are presented in the Supplementary Table 7. Cluster
0 emphasizes the importance of cartilage and bone formation as
well as the integrity of the extracellular matrix, which are vital for
maintaining the structure and function of the intervertebral disc.
The condensation of cartilage and the completeness of the
extracellular matrix are crucial for resisting structural damage
and functional loss during disc degeneration. Cluster 1 reveals
the significance of protein synthesis, particularly the role of
ribosomes, which is essential for repairing the extracellular
matrix and combating degenerative stress in disc cells. Clusters
2 and 3, related to lipid metabolism and stress response, may be
linked to the nutritional supply and cellular response mechanisms of
the disc. Cluster 4 focus on cellular growth and differentiation,
especially in bone and cartilage development, is significant for
regenerative medicine and stem cell therapy strategies in disc
research. Both Clusters 5 and 1 underscore the role of protein
synthesis in restoring disc cell function and maintaining matrix
integrity. Cluster 6 unveils the importance of cell division and
chromosomal dynamics, potentially related to disc cell
proliferation and genetic stability, which are essential for disc
health and preventing degeneration. Cluster 7, involving blood
coagulation and fibrinolysis, could offer insights into the
inflammatory ~ response and  angiogenesis during disc
degeneration. Lastly, Cluster 8 highlights the activation and
regulation of specific immune cell types, unveiling potential
immune-mediated mechanisms in disc degeneration, particularly
in the study of disc inflammation and pain mechanisms.

In the intervertebral disc tissues, we observed an increase in the
proportions of clusters 2, 3, and 7, and a decrease in clusters 0, 1, 4,
and 5, potentially revealing critical biological changes and molecular
mechanisms in the process of disc degeneration. The rising clusters
indicate intensified inflammatory responses, heightened stress
adaptation, and alterations in local microcirculation, while the
declining clusters suggest a weakening in extracellular matrix
synthesis and maintenance, protein synthesis, and the capacity
for tissue repair and regeneration (Figure 4D).

The pseudotime analysis suggests a trajectory of cellular
evolution within the degenerative process of intervertebral disc
cells. The sequence or trajectory shown by cell clustering likely
reflects the continuum of cell states, from healthy to degenerative
stages. The proportions of cells along the principal component 1 axis
(horizontal axis) align with the types of cells in disc degeneration,
with clusters 0, 1, 4, and 5 representing the states of healthy or early
degenerative disc cells, while clusters 2, 3, and 7 may correspond to

more advanced stages of degeneration (Figures 4E, F).
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The results indicate a nuanced expression pattern of key genes
across different states of intervertebral disc cells, as visualized in
UMAP plots (Figures 5A, B). Notably, MT1G and CA9 expressions
vary across clusters in both NP and AF cells, with MTIG generally
upregulated in degenerated tissues. This suggests an adaptive
cellular response to degenerative stress, potentially involving
metal jon balance and oxidative stress. CA9 upregulation in
specific clusters (clusters 2, 3, 6, and 7) aligns with responses to
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hypoxic and acidic environments, implicating its role in disc
degeneration. Box plots further quantify these expression changes
(Figure 5C). The expression pattern of GPX4 is shown in
Supplementary Figure 1.

specific  cellular
changes

The single-cell
where

analysis  highlights the
ferroptosis-related
underscoring the importance of these genes and pathways in the

environments occur,

progression of IDD.
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Representative histology and protein expression levels of clinical specimen. (A) HE staining, SOFG staining and histologic Degeneration Score of NP

(B) Representative IHC images of GPX4 in NP. (C) Representative IHC images of MT1G, CA9, AKR1C1/2, DUSP1, and CIRBP in the NP. (D) HE staining,
Masson staining and histologic Degeneration Score of AF. (E) Representative IHC images of GPX4 in AF. (F) Representative IHC images of MTIGCA9and
KLHL24 in the AF. (G) The protein levels of GPX4, MT1G and CA9 of clinical specimen.

3.4 Validation of ferroptosis key genes in
clinical specimens

To validate our findings in a clinical context, we examined the
expression of key DE-FRGs in clinical specimens categorized by
the degree of disc degeneration.Clinical samples were categorized
by Pfirrmann grading, detailed in Supplementary Table 8.
Utilizing hematoxylin and eosin (HE) staining to examine cell
density and structural alterations, the analysis revealed that the
NP tissues in the mild-IDD group manifested a significantly
higher density of chondrocyte cells. Conversely, the severe-IDD
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group was characterized by a substantial decrease in cell quantity
and the emergence of small-sized cellular clusters (comprising 3-
7 chondrocytes), accompanied by more pronounced structural
Additionally, Safranin-O/Fast Green (SOFG)
staining uncovered a striking contrast in proteoglycan

disruptions.

distribution, with the mild-IDD group displaying a consistent
red matrix, markedly diminished in the severe-IDD group
(Figure 6A). Further scrutiny of the annulus fibrosus (AF)
elucidated a compromised structural integrity in discs with
severe degeneration,

manifesting as disorganized fiber

patterns. This observation was corroborated by Masson’s
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trichrome staining, which further emphasized extensive red-
stained of
(Figure 6D). The variation in histological degeneration scores

regions, indicative advanced  degeneration
between the groups significantly underscored the severe
degenerative alterations observed in the severe group.

To clarify the correlation between ferroptosis and IDD, we
examined GPX4 expression in clinical samples with different degrees
of deformation in NP and AF. Immunohistochemistry results showed
that the expression of GPX4 was decreased in both NP and AF of the
highly degenerated group, and the degree of ferroptosis increased with
the degree of degeneration (Figures 6B, E).
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The results of immunohistochemistry staining showed that in NP,
the expression of MTIG, CA9, AKRICI/2, DUSPI was significantly
increased, whereas CIRBP expression remained unchanged (Figure 6C).
In AF, the expression of MTIG and CA9 increased significantly, while
the expression of KLHL24 decreased significantly (Figure 6F). Western
blotting results showed that MTI1G and CA9 protein levels were
upregulated in mild-IDD specimens compared with severe-IDD
specimens, while the protein levels of GPX4 were decreased (Figure 6G).

The results from clinical specimens confirm the differential
expression of key ferroptosis-related genes, reinforcing their
potential role in the pathology of IDD.
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degenerative tissue and control tissue. (C) Correlation heat maps display the correlation matrix of 22 immune cell type proportions. Red: Positive
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infiltration and the expression of key DE-FRGs.

3.5 Validation of ferroptosis key genes in IDD
mouse models

To further corroborate our findings, we investigated the
expression of key DE-FRGs in IDD mouse models, focusing on
histological and molecular changes.Histological  evidence
highlighted more severe degeneration in the IDD mouse group,
showcasing a decrease in NP cells, extracellular matrix, and cell size
(Figure 7A). Advanced degenerative changes were also noted in the
annulus fibrosus (Figure 7D).

Immunohistochemistry analysis revealed a significant reduction
in GPX4 expression in both NP and AF tissues (Figures 7B, E). The

results aligned with clinical specimens.
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The results of immunohistochemistry staining showed that
in the NP, there was a notable upsurge in the expression of
MTIG, CA9, AKRICI/2, and DUSPI, CIRBP’s
expression largely (Figure  7C).
Conversely, in the AF region, MTIG and CA9’s expression
was markedly amplified, while KLHL24’s
diminished significantly (Figure 7F). Western blotting
confirmed these observations, showing a decrease in GPX4
and an increase in MTIG and CA9 in IDD mouse IVD
tissues (Figure 7G).

The mouse model results align with our clinical findings, further
supporting the involvement of ferroptosis in IDD and highlighting
key DE-FRGs as potential therapeutic targets.

whereas

remained unaltered

expression
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3.6 Immune microenvironment
characteristics in IDD

The etiology of IDD is thought to involve immune dysregulation
within the disc microenvironment. To explore the immune system’s
potential role in IDD, we analyzed immune cell infiltration in IDD
samples using the GSE23130 dataset and the CIBERSORT
algorithm. Our findings revealed significant differences in
immune cell infiltration between IDD and control (CON) groups,
underscoring the possible contribution of immune factors to the
development of IDD. Specifically, there was a marked increase in the
infiltration of M0 macrophages and eosinophils in the IDD group
(Figures 8A, B), indicating an altered immune landscape. Further
analysis using a correlation matrix of the 22 immune cell subtypes
revealed a positive correlation between MO macrophages and other
inflammatory cells such as M1 and M2 macrophages, as well as
neutrophils. This suggests a complex network of immune
interactions contributing to inflammation and possibly disc
degeneration. Conversely, there was an inverse relationship
observed between resting memory CD4+ T cells, activated NK
cells, and eosinophils, highlighting the diverse roles of immune
cells in IDD. Interestingly, eosinophils, which were elevated in IDD,
also showed positive correlations with resting memory CD4+ T cells,
M2 macrophages, and T follicular helper cells (Figure 8C), further
illustrating their potential role in modulating immune responses in
IDD. Acknowledging the pivotal role of diverse immune
components in diagnosing IDD and its underlying pathogenic
mechanisms, we delved into the association between immune cell
infiltration and the expression of key DE-FRGs. Notably, DUSPI
and AKRICI were found to be upregulated in MO macrophages. In
eosinophils, KLHL24 expression was markedly elevated (P < 0.01),
whereas AKRIC2 displayed a declining trend (P < 0.05)
(Figures 8D, E).

These findings suggest that specific immune cells, particularly
MO macrophages and eosinophils, may influence the expression of
genes related to ferroptosis, potentially linking the immune response
to iron-dependent cell death in IDD. This connection could be key
in understanding the pathogenic mechanisms of IDD and could lead
to targeted therapies that address these immune and molecular
interactions.

4 Discussion

IDD is predominantly considered a degenerative disease and is
the primary cause of chronic lower back pain (Takatalo et al., 2012;
Manchikanti et al., 2009). Various pathogenic factors can disrupt the
standard activity and function of both nucleus pulposus (NP) cells
and annulus fibrosus (AF) cells, culminating in the deterioration of
the intervertebral disc (Lotz and Ulrich, 2006; Urban, 2002). Serving
as the central structural and functional component of the
intervertebral disc (IVD), the NP often undergoes pathological
changes early in IDD. Research has shown that cell mortality
rates in degenerative human intervertebral disc samples fluctuate
between 53% and 73%, particularly within the NP region.
Surrounding the NP, the annulus fibrosus connects adjacent
vertebral bones and faces degeneration primarily due to the loss
of fibrous ring cells and imbalances in collagen fiber synthesis and
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metabolism (Fontana et al., 2015; Sakai and Grad, 2015; Colombini
et al,, 2008). Recent research has emphasized preserving IVD cell
activity, with increasing interest in the potential relationship
between ferroptosis and IDD (Dou et al., 2023; Ke et al,, 2023; Li
et al., 2023).

In this study, we explored the role of ferroptosis in the
pathophysiology of IDD, specifically investigating its impact on
NP and AF cells. Through bioinformatics analysis, we examined the
GSE23130 dataset, pinpointing 68 potential ferroptosis-related
genes (FRGs) associated with IDD. We subsequently subjected
these differentially expressed FRGs to enrichment analysis to
determine their possible biological roles. Our Gene Ontology
(GO) examination of the FRGs identified various enrichment
categories linked to ferroptosis, including macroautophagy,
mitophagy, collagen protein metabolic processes, and the
regulation of fibroblast proliferation. The GSEA demonstrate an
increased activation of pathways involved in ferroptosis, ROS
production, and immune infiltration, aligning with recent studies
that underscore the multifactorial nature of IDD. This correlation
supports the hypothesis that oxidative stress and immune responses
play a crucial role in disc degeneration. Several signaling channels
recognized through the Kyoto Encyclopedia of Genes and Genomes
(KEGG) examination, like PI3K-AKT, P38 MAPK, TGF-p, and
mTOR, correlate with ferroptosis. To differentiate between FRGs
in the NP and the AF, we analyzed the GSE70362 dataset, cross-
referencing our findings with the identified FRGs. This analysis
unveiled 45 FRGs in the NP and 26 in the AF. When comparing both
the GSE23130 and GSE70362 datasets, we identified seven DE-
FRGs. Notably, MTIG and CA9 appeared in both NP and AF
datasets, AKRICI, AKRIC2, DUSPI, and CIRBP were specific to
NP, and KLHL24 was exclusive to AF. The consistent expression of
MTIG and CA9 in both NP and AF tissues across different stages of
IDD suggests these proteins could serve as viable biomarkers for
early diagnosis and progression monitoring of the disease. Future
clinical trials could explore the efficacy of targeting these markers to
slow or reverse disc degeneration.

The validation of our findings through the single-cell database
(GSE199866) is crucial for confirming the specificity of gene
expression changes in IDD. This analysis enables us to identify
the precise cell types showing ferroptosis-related alterations, adding
a critical layer of validation to our bioinformatics findings.
Additionally, we categorized classified clinical samples according
to the lumbar intervertebral disc’s Pfirrmann grading. We also
developed a mouse model for IDD, closely mimicking the
pathological progression of human IDD induced by mechanical
stress. The IVD samples from this IDD mouse model exhibited
pronounced degeneration, reflecting the pathophysiology seen in
human IDD. Notably, in both the advanced degenerative clinical
samples and the IDD mouse specimens, we detected a marked
decline in GPX4 protein expression. This indicates a potential surge
in ferroptosis as IDD progresses (Chen X. et al., 2021). Building
utilized

upon bioinformatics

immunohistochemistry (IHC) to validate the expression of the

our findings, we
seven identified differentially expressed FRGs in both clinical
samples and the IDD mouse model. Experimental results
confirmed that MTIG, CA9, KLHL24, AKRC1R1, AKRC1R2, and
DUSPI

bioinformatics insights.

protein  expression patterns aligned with our
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MTIG is a member of the Metallothionein (MTs) family (Mehus
etal., 2014). This gene encodes a compact, cysteine-rich protein that
play an important role in protecting cells from heavy metal toxicity,
oxidative stress damage, and are involved in cell proliferation and
apoptosis. MTIG’s specific functions include regulating the
availability of metal ions, acting as an antioxidant, and
potentially participating in cell signaling pathways. Recent
research suggests that its dysregulation is associated with various
human malignancies and can suppress ferroptosis in tumors (Sun
etal, 2016). In single-cell analyses focusing on IDD, elevated MT1G
expression was identified in IDD tissues, suggesting that MT1G may
influence IDD by mitigating calcification (Cherif et al., 2022; Li et al.,
2022). In this study, we confirmed that MTIG is highly expressed
during IDD, and the expression of MTIG is upregulated across
various cell clusters in degenerated tissues, reflecting an attempt by
cells to protect themselves and adapt to the degenerative
environment. This widespread upregulation may indicate a link
between disc degeneration and imbalances in metal ion homeostasis
and increased oxidative stress. Given MTIG’s role in resisting
oxidative stress and regulating metal ion balance, enhancing its
expression or function could provide protection against disc
degeneration. Potential therapeutic strategies might include
promoting MTIG expression or adjusting metal ion balance to
reduce oxidative damage and promote cell survival.

CA9, commonly known as Carbonic Anhydrase IX, is a
transmembrane enzyme significantly induced under hypoxic
conditions and plays a vital role in regulating the cellular
acid-base balance (Li et al., 2020). Research has linked CA9
with the process of ferroptosis, suggesting it could counteract
this iron-dependent form of cell death in various cancers by
modifying transferrin endocytosis and stabilizing ferritin levels
(Zhang C. et al.,, 2023; Li et al., 2019). Furthermore, CA9 is
expressed in NP cells, with increased levels observed in
conditions of heightened oxygen concentration, a state
contrary to the cells’ naturally hypoxic environment (Silagi
et al,, 2018). As IDD progresses, these cells are increasingly
exposed to lower pH levels and more oxygen, indicating CA9’s
potential role in adjusting to these changes. The upregulation of
CA9 noted in our study, particularly in clusters associated with
late-stage its  involvement in

degeneration, supports

inflammatory responses, cell differentiation and growth,
protein synthesis disruption, cell division, and tissue repair
processes. This suggests that CA9’s expression might facilitate
cellular adaptation to the hypoxic and acidic microenvironments
during disc degeneration. Therefore, targeting CA9 and strategies
to improve the cellular micro-environment may offer new
directions for the treatment of disc degeneration.

AKRICI and AKRIC2 are members of the aldo-keto reductase
superfamily and serve as modulators of hormone activity. These
enzymes catalyze the conversion of aldehydes and ketones into their
respective alcohols, employing NADH and/or NADPH as cofactors
(Detlefsen, 2023). Previous studies have shown that AKRICI and
AKRIC2 can efficiently degrade lipid peroxides produced by 12/15-
LOX, which enhances
endoplasmic reticulum-induced ferroptosis (Gagliardi et al., 2019;
Wohlhieter et al., 2020). Increased levels of AKRIC1 and AKR1C2
may play a protective role in IDD by effectively degrading lipid

cellular resistance to drug-induced

peroxides to counteract ferroptosis.
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DUSPI is a dual-specific phosphatase that targets both tyrosine
and serine residues (Bermudez et al., 2010). It acts on the MAP
kinase MAPK1/ERK?2, thereby playing a pivotal role in modulating
the functions of the MAPK family, particularly in cancer cells.
Recent studies suggest that DUSPI might curtail autophagosomes
by inhibiting the phosphorylation of ULK1 or BECNI. This action
establishes a feedback loop that dampens autophagy-dependent
ferroptosis (Wang et al, 2016). Furthermore, investigations into
the UBR3/DUSPI ubiquitination in IDD reveal that overexpression
of UBR3 accelerates the ubiquitination and subsequent degradation
of DSUPI (Jiang et al., 2022). This degradation process results in
suppressed cell growth, heightened cell apoptosis, and amplified
inflammatory reactions in NP cells.

Cold-inducible RNA-binding protein (CIRBP) is recognized as a
stress response protein that responds to a range of physiological and
pathological stimuli, including hypoxia, ultraviolet radiation,
glucose deprivation, heat stress, and disruptions in circadian
rhythm (Zhong and Huang, 2017). In various tissues and under
different stimuli, CIRBP plays a crucial role in attenuating cell
apoptosis through pathways like p53, MAPK/ERK1/2, and the
NF-«B pathway. Some research indicates that CIRBP can directly
suppress the expression levels of p53, leading to the activation of the
downstream ferroptosis pathway (Gao et al., 2022). Nonetheless,
there is a lack of studies addressing CIRBP’s role in the
framework of IDD.

KLHL24, an E3 ligase receptor responsible for substrate
ubiquitination, can modulate its own ubiquitination (Cui et al,
2022). While it has been identified in tumor ferroptosis, its role in
IDD remains intriguing, given the significant part ubiquitination
plays during IDD progression. This positions KLHL24 as a
compelling subject for further investigation.

Due to its distinctive structure, the intervertebral disc is
considered an immune-privileged organ. However, recent
literature has underscored the critical influence of immune cell
infiltration in IDD, with the connection between ferroptosis and
this infiltration yet to be fully understood (Francisco et al., 2022).
Utilizing the CiberSort method, we analyzed specific immune cell
types in the intervertebral disc tissue derived from the
GSE23130 dataset. Notably, the IDD group demonstrated
markedly elevated MO macrophages and eosinophils infiltration
the
corroborates earlier findings, which posit that macrophages might

levels compared to control group. This observation
amplify the immune cell recruitment to the intervertebral disc
through cytokine release, thus hastening IDD progression.
Moreover, our correlation analysis between DE-FRGs and
immune cells revealed increased expression of DUSPI and
AKRICI in MO macrophages. KLHL24

heightened in eosinophils, whereas AKRIC2 expression showed a

expression  was

downward trajectory within the same cell type. Past studies have
suggested that DUSPI may modulate macrophage activation,
operating as a principal downstream target protein of Ninjl,
which subsequently can initiate inflammatory responses (Hu
et al., 2023).

This study is accompanied by several limitations that warrant
acknowledgment. Firstly, while we have ascertained the altered
expression of key ferroptosis genes in IDD, we have not delved
deeply into the wunderlying biological mechanisms linking
ferroptosis to immune infiltration. Future clinical trials could
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explore the efficacy of targeting these markers to slow or reverse disc
degeneration Secondly, the bipedal standing mouse model for
lumbar disc degeneration, though designed to replicate human
lumbar disc degeneration, is not without its discrepancies when
juxtaposed with actual clinical specimens. Lastly, procuring normal
human intervertebral disc tissues poses a formidable challenge.
Consequently, we encountered difficulties obtaining clinical
samples that fall within a Pfirrmann grade of 1. Such a limitation
may circumscribe our research’s breadth and introduce biases or
variations in our findings.
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