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Cell death and functional loss of nucleus pulposus cell play essential roles in intervertebral disc degeneration (IDD). Ferroptosis is
a newly identified cell death type, and its role in IDD is still under investigation. Identifying the key genes of ferroptosis in IDD
helps to identify the therapeutic targets of IDD. In this study, we downloaded the human IDD mRNA microarray data from the
Gene Expression Omnibus and ferroptosis genes from FerrDb, then performed a series of analyses using strict bioinformatics
algorithms. In general, we obtained 40 ferroptosis-related differential expression genes (FerrDEGs) and identified six
ferroptosis key gene signatures, namely, ATF3, EIF2S1, AR, NQO1, TXNIP, and AKR1C3. In addition, enrichment analysis of
the FerrDEGs was conducted, the protein-protein interaction network was constructed, the correlations between ferroptosis
key genes and immune infiltrating cells were analyzed, and the lncRNA-miRNA-mRNA ceRNA network was constructed. In
particular, ATF3 and EIF2S1 showed the strongest correlation with immune cell function, which might lead to the
development of IDD. Finally, the expressions of ferroptosis key genes were verified in the rat compression-induced IDD. In
conclusion, this preliminary study analyzed and verified the mechanism of ferroptosis in IDD, laid a foundation for the follow-
up study of the mechanism of ferroptosis in IDD, and provided new targets for preventing and delaying IDD.

1. Introduction

Low back pain was the most common reason for years lived
with disability (YLDs) in 2016, based on the Global Burden
of Disease Study [1]. Further, it was among the top 10 causes
of YLDs in all 188 countries assessed [1]. Intervertebral disc
degeneration (IDD) is an important cause, risk factor, and
basic pathological process associated with low back pain,
and IDD is a process involving many factors, including oxi-
dative stress, abnormal stress load, aging, trauma, and genet-
ics [2–5]. However, the specific mechanisms and triggering
factors of IDD are still debatable. Currently, symptomatic
treatment methods are used for managing IDD, such as oral

anti-inflammatory analgesics and surgical fusion, rather
than interfering with the progress of IDD [6]. However,
these treatment methods are alone not adequate to treat
IDD, such as recurrent low back pain and degeneration of
adjacent spine segments [6]. On account of the heavy social
and economic burden caused by low back pain, it is urgent
to identify the underlying mechanisms for the onset and
progression of IDD and develop new treatment strategies.

Nucleus pulposus is a gel-like structure located in the
middle of the intervertebral disc, which synthesizes proteo-
glycan, absorbs water, provides osmotic pressure, and resists
compressive stress [4]. Previous studies have found that apo-
ptosis, autophagy, necroptosis, and pyroptosis are involved
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in the death and functional loss of nucleus pulposus cells,
leading to an imbalance in extracellular matrix metabolism
and aggravating the progression of IDD [7–9]. Inhibition
of apoptosis, necroptosis, and cell death could partially alle-
viate the progression of IDD. However, IDD may be a mul-
tifactorial pathological process involving multiple cell death
modes. Therefore, clarifying other cell death modes would
help to understand the mechanism of IDD and develop
treatment targets.

Ferroptosis is a new mechanism of cell death, which is
different from apoptosis [10]. It is a type of iron-
dependent cell death due to the deposition of lipid perox-
ides on the cell membrane, characterized by lipid peroxi-
dation and free iron-mediated Fenton reaction [10, 11].
The cells with ferroptosis lack the defense system required
to eliminate lipid peroxide, accumulating lethal lipid per-
oxide levels [12]. Studies reported that oxidative stress
and iron-dependent reactive oxygen species production
primarily contribute to ferroptosis, suggesting that the
initiation and effect of ferroptosis require a unique regula-
tory mechanism [11, 12]. Thus, studying the specific
mechanisms of developing and inhibiting ferroptosis
would help treat many diseases. Activation of excessive
ferroptosis is related to degenerative diseases (e.g., Alzhei-
mer’s disease, Parkinson’s disease, and acute kidney
injury), and impaired ferroptosis often leads to tumor
development [10]. Furthermore, some studies have shown
that ferroptosis is involved in the IDD progression [13,
14]. Thus, inhibition of ferroptosis may help to treat
IDD [15]. However, the research on the mechanism of
ferroptosis in IDD is still at the initial stage and needs
further exploration. Understanding the role of ferroptosis
in IDD might provide therapeutic targets for delaying
the IDD progression.

The intervertebral disc has been determined as an
immune-privileged organ. The immune privilege is the basis
of the intervertebral disc’s homeostasis [16]. In addition,
studies have shown that, after breaking the physical barrier,
immune cell infiltration plays an essential role in the onset
and development of IDD [16–18]. However, the relationship
between ferroptosis and immune cell infiltration in IDD is
still under investigation. Thus, clarifying the correlation
between ferroptosis and immune cell infiltration would help
understand the IDD progression and provide prevention
and treatment targets.

In this study, we found that the gene expression in IDD
was enriched in arachidonic acid metabolism according to
the Gene Expression Omnibus database dataset and identi-
fied the ferroptosis-related differential expression genes
(FerrDEGs) in IDD using the FerrDb database. Further-
more, we identified the functions of the genes involved in
IDD and the characteristics of ferroptosis key genes and ana-
lyzed the correlations between ferroptosis key genes and
immune infiltrating cells of IDD. Finally, the expression of
ferroptosis key genes and IL-1β and TGF-β1 was verified
in the compression-induced IDD rats. In conclusion, this
study identified the key gene signature of ferroptosis in
IDD and laid the foundation for future research targeting
the prevention and treatment of IDD.

2. Material and Methods

Figure 1 shows the flow chart of the database, software, and
research methods used in this study.

2.1. Dataset Acquisition and Preprocessing. The dataset
GSE70362 was obtained from the Gene Expression Omnibus
database. This dataset contained mRNA microarray data
from 24 intervertebral disc nucleus pulposus samples, of
which eight were Thompson grades I and II and were con-
sidered the normal control group, and 16 were Thompson
grades III-V and were considered the IDD group [19]. The
platform was GPL17810. We annotated the probes under
the R environment, then got the maximum value of the
repeated gene symbol, obtaining the expression matrix.

2.2. Gene Set Enrichment Analysis (GSEA). We downloaded
the GSEA software from the official website (https://www
.gsea-msigdb.org/gsea/index.jsp) and sorted out expression
dataset files and phenotype label files according to the offi-
cial instructions [20, 21]. We used the GSEA software to
conduct the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis on the expression
profile of GSE70362. The number of permutations was
1000; permutation type was phenotype; the metric for
ranking genes was signal2noise, and a pathway with the
p value < 0.05 was considered a statistically significant
enrichment pathway.

2.3. Screening of Differential Expression Genes (DEGs) and
FerrDEGs. The “limma” package in the R environment was
used to analyze the DEGs of the GSE70362 dataset. We
selected the p value < 0.05 as the screening condition to obtain
enoughDEGs.We obtained ferroptosis-related genes from the
FerrDb database (http://www.zhounan.org/ferrdb), including
the ferroptosis marker genes, driver genes, and suppressor
genes. The intersections of DEGs and ferroptosis-related genes
were obtained using the Venn diagram and were considered
FerrDEGs.

2.4. Enrichment Analysis of FerrDEGs. We used the “cluster-
Profiler” package under the R environment to perform Gene
Ontology (GO) and KEGG enrichment analysis on Ferr-
DEGs. The GO enrichment analysis included biological pro-
cess (BP), cellular component (CC), and molecular function
(MF), and the adjusted p value < 0.05 was considered statis-
tically significant for the enrichment item. p value < 0.05 in
the KEGG was considered statistically significant for the
enrichment item. The top 10 enrichment projects of GO
and KEGG were visualized in the histogram under the R
environment, and the links between the top 5 enrichment
entries of GOBP and FerrDEGs were visualized in the circle
diagram.

2.5. Construction of FerrDEG Protein-Protein Interaction
(PPI) Network and Screening of Ferroptosis Key Genes. We
uploaded all FerrDEGs to the STRING version 11.5 website
(https://cn.string-db.org/), then constructed a PPI network
with confidence > 0:4, and hid the unconnected protein
nodes [22]. We used Cytoscape 3.7.2 to visualize the PPI
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network [23], used the Mcode plug-in to screen the sub-
net, and used Metascape (http://www.metascape.org) to
conduct enrichment analysis of the subnet. The MMC
and betweenness algorithms in the plug-in cytoHubba
were used to calculate the top 5 proteins, and the union
was used to obtain the ferroptosis key candidate genes.
The GSE56081 dataset was obtained from the Gene
Expression Omnibus database, and the expression of the
above candidate genes was extracted for verification under
the R environment. Candidate genes with consistent
expression trends in GSE70362 and GSE56081 were con-
sidered to be ferroptosis key genes.

2.6. Correlation Analysis between Immune Infiltration Cells
and Ferroptosis Key Genes. The CIBERSORT algorithm
under the R environment was used to analyze the immune
cell infiltration of IDD. We removed the immune cell types,
with an abundance of 0 in all samples. Each immune cell
proportion in each sample and each immune cell type con-
tents in all samples were visualized under the R environ-
ment. Spearman algorithm was used to analyze the
correlations between 16 immune cell types and between 16
immune cells and six ferroptosis key genes. The “ggcorplot”
package was used for visualization.

2.7. Construction of Potential lncRNA-miRNA-mRNA
ceRNA Network of Ferroptosis Key Genes. The miRNA pre-
diction of ferroptosis key genes was carried out using miR-
Walk 3.0 (http://mirwalk.umm.uni-heidelberg.de/) under
the condition of score = 1, and the miRNA validated in
miRDB was selected. The miRNA was sorted from large to
small pairing numbers, and ENCORI was used (https://
starbase.sysu.edu.cn/) to predict the upstream lncRNA of

miRNA [24]. We selected the first two miRNAs with
upstream lncRNA as candidate potential miRNA, and the
lncRNA screening condition was clip data strict ≥ 5. We
selected the top two largest of clipExpNum as candidate
potential lncRNA. Finally, we used the Sankey map to visu-
alize the lncRNA-miRNA-mRNA ceRNA network of ferrop-
tosis key genes under the R environment.

2.8. Construction of a Compression-Induced IDD Rat Model.
We constructed a rat compression-induced IDD model as
previously described [25]. In brief, ten 12-week-old male
Sprague-Dawley (SD) rats were randomly divided into
the Sham and IDD groups (n = 5 in each group). As pre-
viously reported, Co8-Co9 intervertebral discs were com-
pressed with a compression device in the IDD group to
establish a long-term compression-induced IDD model in
SD rats. However, only Kirschner wires were inserted in
Co7-Co10 in the Sham group. The animal protocol was
approved by the Institutional Animal Care Committee of
the Laboratory Animal at the School of Medicine, Soo-
chow University (Suzhou, China). Rats were raised under
standardized conditions, with a light/dark circadian
rhythm of 12/12 hours, an appropriate ambient tempera-
ture of about 23°C, and free access to food and water.
After four weeks, magnetic resonance imaging (MRI) and
X-ray imaging of the rat intervertebral disc were per-
formed using a 1.5T MRI scanner (GE-HDe, USA) and
X-ray machine (SHIMADZU, Japan), respectively [26].
The relative quantification of T2 signal intensity was per-
formed using Adobe Photoshop CS6 (California, USA).
We calculated the disc height index (DHI) using radiogra-
phy (X-ray) according to the previous report [27].
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PPI networkKEGG GO Key genes
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ceRNA network

Immune cells

IDD model

Cibersort
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Figure 1: The flow chart of the study. A series of bioinformatics algorithms were conducted to analyze GSE70362. And the compression-
induced IDD rat model was constructed to validate the expressions of ferroptosis key genes. The database and software used in this study
were presented on the left side of the figure.
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2.9. Validation of Ferroptosis Key Genes in Compression-
Induced IDD Rats. Total RNA in nucleus pulposus was
extracted using TRIzol reagent (Beyotime, China), and
the RNA concentration was assessed with NanoDrop
2000 (ThermoFisher Scientific, USA). Then, mRNA was
reverse transcribed into cDNA using 5× All-in-One RT
Mastermix (abm, China), and real-time qPCR was carried
out using iTaq Universal SYBR Green Supermix (Bio-
Rad, USA) to detect the ferroptosis key genes and IL-
1β and TGF-β1 expression on the CFX96 Real-Time Sys-
tem (Bio-Rad, USA). GAPDH was used as an internal
control gene, and the relative expression of the genes
was calculated using the comparative Ct method. The for-
ward and reverse primer pairs used for all genes are
shown in Supplementary Table 1.

2.10. Statistical Analysis. R software 4.2.0 and RStudio
2022.02 (Boston, USA) were used for data analysis and
visualization. The comparison of gene expression between
two groups was assessed by the two-tailed unpaired t-test
using GraphPad Prism 8.0 (California, USA). The results
were presented as means and standard deviations. Unless
otherwise stated, the p value < 0.05 was considered
statistically significant.

3. Results

3.1. GSEA. GSEA demonstrated that the degenerative nucleus
pulposus of intervertebral disc was mainly enriched in arachi-
donic acid metabolism (NES = 1:675538, p value < 0.05), Toll-
like receptor signaling pathway (NES = 1:6202703, p value <
0.05), and steroid hormone biosynthesis (NES = 1:5567781,
p value < 0.05) (Figures 2(a), 2(c), and 2(e)). The expression
of genes related to each pathway in the sample is shown in
the heat map (Figures 2(b), 2(d), and 2(f)).

3.2. Screening of DEGs and FerrDEGs. There were 1783
DEGs in total, and the results of differential analyses were
visualized using a heat map and volcano map (Figures 3(a)
and 3(b)). There were 334 ferroptosis-related genes in total,
and the intersection of the two gave 40 FerrDEGs
(Figure 3(c)). Refer to Supplementary Table 2 for logFC, p
value, and regulation of all FerrDEGs. Refer to
Supplementary Table 3 for all categories related to
FerrDEGs.

3.3. FerrDEG Enrichment Analysis. GOBP enrichment anal-
ysis demonstrated that FerrDEGs were primarily involved in
the regulation of ferroptosis; GOCC showed that it was
enriched in the intracellular ferritin complex. GOMF was
primarily involved in ferric and ferrous iron binding; all
had adjusted p value < 0.05 (Figure 4(a)). ATF3, PCK2,
LAMP2, SLC2A1, AKR1C3, EIF2S1, MAP3K5, NQO1,
AHCY, ASNS, and GDF15 participated in the first five
entries of GOBP enrichment (Figure 4(b)). KEGG enrich-
ment analysis demonstrated that FerrDEGs were primarily
involved in ferroptosis, mineral absorption, and the p53 sig-
naling pathway (p value < 0.05) (Figure 4(c)).

3.4. Construction of PPI Network and Screening of
Ferroptosis Key Genes. PPI network was generated using
STRING and visualized in Cytoscape 3.7.2. PPI network
included 27 protein nodes, including 16 upregulated genes
and 11 downregulated genes (Figure 5(a)). Mcode plug-in
obtained three subnetworks of PPI (Supplementary
Figure 1a, b, c). Metascape enrichment analysis showed
that the three subnetworks were mainly involved in
biological functions, including endoplasmic reticulum
stress, negative regulation of cell cycle, and iron overload
(Supplementary Figure 1d, e, f). MCC and betweenness
calculated the PPI network to identify the top five proteins
of their respective algorithms. After combining the results
of each algorithm, we identified eight genes, ASNS, ATF3,
EIF2S1, CEBPG, NQO1, AR, TXNIP, and AKR1C3
(Figures 5(b) and 5(c)). The expression of eight genes was
extracted from the GSE56081 dataset. Unfortunately, the
expression of ASNS and CEBPG was not verified.
Therefore, the remaining six genes were considered
ferroptosis key genes and used for follow-up research
objects (Figures 5(d)–5(k)).

3.5. Correlation Analysis between Ferroptosis Key Genes and
Immune Cell Infiltration in IDD. The CIBERSORT algo-
rithm provided 22 types of immune cell infiltration analyses.
In the GSE70362 dataset, we removed the cell types with an
expression abundance of 0 in all samples, and 16 types of
immune cell types remained. The expression of each
immune cell type in each sample is shown in Figure 6(a).
Among all immune cell types, CD4 memory resting T cells
have the highest expression abundance in intervertebral disc
tissue (Figure 6(b)). Spearman correlation analyses of 16
immune cell types (Figure 6(c)) showed that activatedNK cells
and resting mast cells showed the strongest positive
correlation (correlation coefficient = 0:67, p value < 0.05),
while activated NK cells and activated mast cells showed the
strongest negative correlation (correlation coefficient = −0:78
, p value < 0.05). Spearman correlation analyses of 16 immune
cells and six ferroptosis key genes (Figure 6(d)) showed that
ATF3 had the strongest positive correlation with M2 mac-
rophages (correlation coefficient = 0:524, p value < 0.05),
and EIF2S1 showed the strongest negative correlation with
activated dendritic cells (correlation coefficient = −0:552, p
value < 0.05).

3.6. Construction of Potential ceRNA Network of Ferroptosis
Key Genes. According to our screening conditions, 11 miR-
NAs and 13 lncRNA were obtained (Figure 7). The 11
potential miRNAs were hsa-miR-106b-5p, hsa-miR-135b-
5p, hsa-miR-2115b-3p, hsa-miR-2467-3p, hsa-miR-302a-
3p, hsa-miR-383-5p, hsa-miR-421, hsa-miR-4766-3p, hsa-
miR-524-5p, hsa-miR-6763-5p, and hsa-miR-6884-5p.
AKR1C3 has only one upstream miRNA, and the rest of
the genes had two upstream miRNAs. The 13 potential
lncRNA were AC005899.4, AC009032.1, AC016876.2,
AC021078.1, LRRC75A-AS1,MALAT1,MIR17HG,MIR2HG,
MIR29B2CHG, NEAT1, NORAD, SNHG1, and SNHG16.
lncRNA MALAT1 showed the most degree of association,
followed by lncRNA SNHG16.
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Figure 2: Continued.
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(d)

Figure 2: Continued.
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pulposus sample. (c, d) Toll-like receptor signaling pathway in IDD and its related gene expression in each nucleus pulposus sample. (e, f)
Steroid hormone biosynthesis in IDD and its related gene expression in each nucleus pulposus sample.
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3.7. Validation of Ferroptosis Key Genes in the Compression-
Induced IDD Rats. The compression device was successfully
fixed on the rat Co7-Co10, in which Co8-Co9 was com-
pressed (Figure 8(a)). After four weeks of compression,
MRI and X-ray showed that T2 intensity and DHI in the
IDD group were significantly lower than those in the Sham
group (p value < 0.01; Figures 8(b)–8(e)). The expressions
of AR, ATF3, EIF2S1, and mRNA were significantly down-
regulated in the IDD group, and the expressions of AKR1C3,
NQO1, and TXNIP mRNA were significantly upregulated in
the IDD group (p value < 0.05; Figures 8(f)–8(k)) which
were consistent with the results of database analyses.
Besides, IL-1β mRNA was significantly upregulated in the
IDD group compared to the Sham group, while TGF-β1
was significantly downregulated in the IDD group compared
to the Sham group (p value < 0.05; Figures 8(l) and 8(m)).

4. Discussion

In this study, we identified six ferroptosis key genes associ-
ated with IDD and their biological functions through enrich-
ment analysis, the potential ceRNA network, and the
correlation with the immune function in IDD. Six key genes
were verified in the rat IDD model, confirming that these
genes were vital in the ferroptosis in IDD.

First, we used GSEA to explore the KEGG pathway of
gene enrichment in IDD. Arachidonic acid metabolism,
Toll-like receptor signaling pathway, and steroid hormone
biosynthesis showed the highest enrichment in IDD. GSEA
does not rely on differential gene screening conditions but
conducts enrichment analysis of the entire gene expression
profile [21]. Studies reported that arachidonic acid metabo-
lism and Toll-like receptor signaling pathways were closely
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Figure 5: PPI network of FerrDEGs and identification of key genes in FerrDEGs. (a) PPI network of 27 FerrDEGs; red indicates upregulated
genes, while green indicates downregulated genes. (b) The MCC algorithm was used to identify the top 5 genes in PPI. (c) The betweenness
algorithm was used to identify the top 5 genes in PPI. (d–k) Eight candidate gene expressions in GES56081. Six genes with the same
expression trend as GSE70362 were considered key genes of FerrDEGs.
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Figure 6: Correlation analyses between ferroptosis key genes and immune cell infiltration in IDD. (a) 16 immune cell type expression in
each sample in GSE70362. (b) Each immune cell expression was estimated in all the samples in GSE70362. (c) Correlation analyses
between immune cell types. (d) Correlation analyses between immune cell types and ferroptosis key genes.
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related to the onset of ferroptosis [28, 29]. Toll-like receptor-
mediated signal promotes inflammatory response in IDD-
related metabolic alterations and, thus, plays a role in IDD
[30]. Next, we extracted FerrDb database genes and
extracted FerrDEGs from the DEGs of GSE70362. These
genes were enriched in biological processes and signal path-
ways related to ferroptosis through GO and KEGG analyses,
proving that ferroptosis was involved in the IDD. Finally, we
identified six key ferroptosis genes, ATF3, EIF2S1, NQO1,
AR, TXNIP, and AKR1C3, through the PPI network and
Cytoscape algorithm and the expression verification of
GSE56081. And enrichment analysis of PPI subnetworks
showed that subnetworks were mainly involved in endoplas-
mic reticulum stress, cell cycle, apoptotic signaling pathway,

and iron overload, indicating these biological processes were
important in IDD development.

ATF3, activating transcription factor 3, belongs to the
ATF/cyclic AMP response element-binding (ATF/CREB)
transcription factor family [31]. ATF3 has a close relation-
ship with the Toll-like receptor signaling pathway, and
ATF3 protein could inhibit the expression of many Toll-
like receptor-driven proinflammatory genes [32]. Interest-
ingly, as mentioned before, our GSEA showed that the
degenerated nucleus pulposus was enriched with the Toll-
like receptor signaling pathway. In the study of immune
infiltration, we found that ATF3 was positively correlated
with M2 macrophages, and as ATF3 level was downregu-
lated in IDD, we speculated that the M2 functional state of
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intervertebral disc tissue decreased. These findings prove
that ATF3, Toll-like receptor signaling pathway, M2
immune response, and ferroptosis play an essential role in
IDD. Previous studies reported that ATF3, a wide range of
stress sensors, could promote erastin-induced ferroptosis
[33]. Meanwhile, several studies have shown that ATF3
knockdown could alleviate the progression of osteoarthritis
[34], while some studies have shown that ATF3 is a highly
conserved regenerative transcription factor in the vertebrate
nervous system [35]. ATF3 protects retinal ganglion cells
and promotes the functional preservation of optic nerve
after crush [36]. However, only one study showed that

ATF3 silencing could inhibit tert-Butyl Hydroperoxide-
(TBHP-) induced IDD by inhibiting ferroptosis of nucleus
pulposus cells [37]. Further, overexpression of ATF3 inhibits
cardiomyocytes’ ferroptosis induced by erastin and RSL3
[38]. In addition, ATF3 is a key transcriptional regulator
and inhibits inflammatory response [39]. Furthermore,
ATF3 can resist LPS-induced inflammatory response [40].
ATF3 could mediate prolonged expression of MMP13 and
promote cell proliferation and collagen production in keloid
fibroblast cells [41, 42]. Accordingly, the downregulating
mechanism of ATF3 expression in IDD may be complex.
In IDD, whether the downregulation of ATF3 expression
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Figure 8: Validation of ferroptosis key genes in compression-induced IDD rats. (a) A compression device was fixed in the rat tail, and Co8-
Co9 was compressed. (b) Representative MRI images of the Sham and IDD groups. (c) T2 intensity in the IDD group was significantly lower
than that in the Sham group. (d) Representative X-ray images of the Sham and IDD groups. (e) DHI in the IDD group was significantly
lower than that in the Sham group. (f–k) Ferroptosis key gene expression in compression-induced IDD rats. (l, m) IL-1β and TGF-β1
expression in compression-induced IDD rats.
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reduces the function of inhibiting inflammatory response,
whether ATF3 promotes or inhibits ferroptosis, and the spe-
cific effect of ATF3 on extracellular matrix metabolism still
need to be further explored.

EIF2S1, eukaryotic translation initiation factor 2 sub-
unit-α, is a translation initiation factor [43], and phosphor-
ylation of EIF2S1 is involved in neurodegenerative diseases
[44]. EIF2S1 is an endoplasmic reticulum stress marker play-
ing an essential role in maintaining lipid homeostasis [45].
Further, the EIF2S1-ATF4 pathway is closely related to
autophagy [46]. EIF2S1 phosphorylation promotes ATF4
activation, increases glutathione synthesis, and improves
antioxidant enzyme synthesis, thus, improving the ability
of oxygen free radicals [47]. Due to this, the expression of
EIF2S1 is downregulated in IDD, and we hypothesized that
it might be unable to resist oxidative stress injury, aggravat-
ing the IDD progression.

NQO1, NAD (P) H: quinone oxidoreductase 1, plays a
controlling role in redox modulation [48]. NQO1 is signifi-
cantly induced during cell stress, which was verified by our
dataset analysis and IDD model [49]. NQO1 has a protective
effect on antioxidant stress. Thus, we speculated that the
upregulation of NQO1 expression might play a role in inhi-
biting IDD. Moreover, acacetin alleviates reactive oxygen
species produced by TBHP-stimulated nucleus pulposus
cells by upregulating the antioxidant protein NQO1 [50].
However, there is little research on the effect of NQO1 in
IDD currently, and the biological function of NQO1 still
needs further investigation.

AR, androgen receptor, the member of the steroid hor-
mone receptor superfamily, is a class of receptors that func-
tion by regulating the transcription of specific genes [51].
Interestingly, our GSEA also showed that IDD was enriched
in steroid hormone biosynthesis. AR plays an essential role
in many diseases, including complete androgen insensitivity
syndrome, spinal bulbar muscular atrophy, prostate cancer,
and breast cancer [52]. Several studies have shown that
estrogen and its receptor could play a protective role in
IDD [53, 54]. However, the relationship between AR and
IDD has not been reported yet. An animal study investigat-
ing temporomandibular joint osteoarthritis reported that
excessive mechanical stress stimulation was related to severe
articular cartilage degeneration in the estrogen and andro-
gen deficiency group [55]. Consistent with this work, AR
was downregulated in our dataset analysis and
compression-induced IDD model; we could speculate that
androgen and AR might play a protective role in IDD, and
the reduced expression of AR in IDD might lose its protec-
tive function and promote the progression of IDD.

AKR1C3, human Aldo-keto reductase family 1 member
C3, is a hormone activity regulator [56]. On the one hand,
AKR1C3 produces effective androgens in peripheral tissues
and could activate AR [57]. Therefore, AKR1C3 might acti-
vate AR to protect the intervertebral disc from degeneration.
And, the previous report has demonstrated that HOXB4
could serve as a transcriptional activator for AKR1C3 and
suppress the ferroptosis of the H9C2 cells [58]. This suggests
that the upregulation of AKR1C3 might inhibit ferroptosis
in IDD somehow. On the other hand, AKR1C3 and β-

catenin signaling may have a synergistic effect, and β-
catenin signaling is often upregulated and contributes to
IDD, suggesting AKR1C3 could promote IDD development
through the β-catenin pathway [59, 60]. It seems that
AKR1C3 cuts both ways in IDD. Therefore, we will design
a thorough biological functional experiment to explore the
mechanism of AKR1C3 in IDD.

TXNIP, thioredoxin interacting protein, is associated
with neurodegenerative diseases [61]. TXNIP could promote
nucleus pulposus cell pyroptosis, while TXNIP inhibitor
Morin could alleviate nucleus pulposus cell pyroptosis [62].
TXNIP promotes oxidative stress by inhibiting the thiore-
doxin (TRX) system, and studies have shown that its expres-
sion is upregulated in brain diseases such as stroke [63]. In
our study, TXNIP was upregulated in IDD in both databases
and IDD models. Therefore, we could speculate that TXNIP
may not only induce pyroptosis but also play an essential
biological function in elevating ferroptosis through promot-
ing oxidative stress in IDD.

Immune infiltration analysis is often used to analyze the
distribution of immune cells in the microenvironment of
tumors and other diseases [64]. We analyzed the immune
infiltration of IDD and found that 16 types of immune cells
were distributed in the intervertebral disc; not all immune
cell types are expressed in the intervertebral disc, which
might be determined by its own tissue characteristics. The
intervertebral disc is a tissue with no blood supply and lym-
phatics [65]. The unique structures and molecular factors
expressed in the intervertebral disc show inhibitory effects
on immune cells and cytokine infiltration [16]. However,
according to the correlation analysis of 16 immune cells,
activated NK cells showed positive and negative correlations
with resting and activated mast cells, respectively. Therefore,
the function of NK cells is closely related to mast cells in
intervertebral disc tissue. Furthermore, the correlation anal-
ysis between ferroptosis key genes and immune cells showed
that ATF3 had the strongest positive correlation with M2
macrophages. EIF2S1 and activated dendritic cells showed
the strongest negative correlation. Meanwhile, the expres-
sion of ATF3 and EIF2S1 was decreased in IDD, suggesting
increased inflammation and reduced repair capability in
IDD. Previous studies reported that ATF3 is a key transcrip-
tional regulator that inhibits inflammatory response [39].
The ATF3 overexpression promotes macrophage migration
and M2 phenotype, while the ATF3 knockdown leads to
the opposite effect, which is consistent with our hypothesis
[39]. Therefore, we investigated the IL-1β and TGF-β1
expression in the IDD model, and we found that IL-1β was
significantly upregulated while TGF-β1 was significantly
downregulated in IDD. We verified IL-1β and TGF-β1
expression in the IDD model and confirmed the above
hypothesis.

ceRNA mechanism plays an essential role in treating
many diseases, including IDD [66]. Using an online data-
base, we could predict mRNA and its upstream miRNA
and lncRNA. Among lncRNA, lncRNA MALAT1 showed
the strongest association, followed by lncRNA SNHG16.
Therefore, these genes might be involved in regulating fer-
roptosis genes in IDD. A previous study showed that

17Oxidative Medicine and Cellular Longevity



lncRNA MALT1 could suppress inflammation, inhibit
nucleus pulposus cell apoptosis, promote cell proliferation,
and attenuate aggrecan degradation [67]. Knockdown of
lncRNA SNHG16 suppressed cell viability and induced apo-
ptosis in chondrocytes [68]. Yet, there is no evidence about
the biological function of lncRNA SNHG16 in IDD. How-
ever, this is a preliminary prediction and needs further
experimental verification.

The limitation of the study was that we only verified the
expression changes of ferroptosis key genes in IDD, and fur-
ther experiments are needed to study their biological func-
tions in IDD. In addition, the sample size of the dataset
used in this study was small due to the lack of research on
IDD in a public database. Meanwhile, obtaining normal
human intervertebral disc tissue (control) is difficult and
limits the progression of related research. Despite this, the
animal model may cause inevitable bias as they have a differ-
ent structure from the human sample. However, the com-
pressive loading IDD model could lead to cell death and
impaired matrix synthesis, and the IDD model has the
advantage of controllability [69]. Therefore, we verified fer-
roptosis key genes in the compression-induced IDD rats.
Besides, MRI and X-ray imaging confirmed that we success-
fully constructed the IDD model. In the follow-up study,
complete biological function experiments are needed to
investigate the role of these genes in IDD.

5. Conclusion

This study identified six ferroptosis key genes in IDD, their
biological processes involved, and the correlation between
immune infiltration cells, providing a reference for follow-
up studies investigating the mechanism and treatment of
IDD.

Data Availability

Data in this study are available from the corresponding
authors upon reasonable request.

Conflicts of Interest

All authors declare that they have no conflicts of interest.

Authors’ Contributions

Huilin Yang and Qin Shi conceived the research and revised
the manuscript. Zongping Luo created the animal model.
Jiangbo Guo conducted the bioinformatics analysis and
experiment validation and drafted the manuscript. Yilin
Yang and Junjie Niu contributed in the manuscript editing.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (81972059, 82172485), the Social
Development Project of Jiangsu Province (BK2019668),
and the Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD).

Supplementary Materials

Supplementary Table 1: specific primers used for RT-qPCR.
Supplementary Table 2: FerrDEGs of IDD. Supplementary
Table 3: classification of FerrDEGs. Supplementary Figure
1: three subnetworks of PPI and Metascape enrichment
analysis. (a, b, c) Three subnetworks of PPI. (d, e, f) Relevant
Metascape enrichment analysis of each subnetwork.
(Supplementary Materials)

References

[1] J. W. S. Vlaeyen, C. G. Maher, K.Wiech et al., “Low back pain,”
Nature Reviews. Disease Primers, vol. 4, no. 1, p. 52, 2018.

[2] J. Hartvigsen, M. J. Hancock, A. Kongsted et al., “What low
back pain is and why we need to pay attention,” The Lancet,
vol. 391, no. 10137, pp. 2356–2367, 2018.

[3] N. N. Knezevic, K. D. Candido, J. W. S. Vlaeyen, J. Van Zun-
dert, and S. P. Cohen, “Low back pain,” The Lancet, vol. 398,
no. 10294, pp. 78–92, 2021.

[4] S. Mohanty and C. L. Dahia, “Defects in intervertebral disc and
spine during development, degeneration, and pain: new
research directions for disc regeneration and therapy,” Wiley
Interdisciplinary Reviews: Developmental Biology, vol. 8,
no. 4, article e343, 2019.

[5] P. H. Wu, H. S. Kim, and I. T. Jang, “Intervertebral disc dis-
eases part 2: a review of the current diagnostic and treatment
strategies for intervertebral disc disease,” International Journal
of Molecular Sciences, vol. 21, no. 6, p. 2135, 2020.

[6] P. Sampara, R. R. Banala, S. K. Vemuri, G. R. Av, and S. Gpv,
“Understanding the molecular biology of intervertebral disc
degeneration and potential gene therapy strategies for regener-
ation: a review,” Gene Therapy, vol. 25, no. 2, pp. 67–82, 2018.

[7] S. Chen, X. Lv, B. Hu et al., “RIPK1/RIPK3/MLKL-mediated
necroptosis contributes to compression-induced rat nucleus
pulposus cells death,” Apoptosis, vol. 22, no. 5, pp. 626–638,
2017.

[8] F. Zhang, X. Zhao, H. Shen, and C. Zhang, “Molecular mech-
anisms of cell death in intervertebral disc degeneration
(review),” International Journal of Molecular Medicine,
vol. 37, no. 6, pp. 1439–1448, 2016.

[9] K. Zhao, R. An, Q. Xiang et al., “Acid-sensing ion channels
regulate nucleus pulposus cell inflammation and pyroptosis
via the NLRP3 inflammasome in intervertebral disc degenera-
tion,” Cell Proliferation, vol. 54, no. 1, article e12941, 2021.

[10] B. Gan, “Mitochondrial regulation of ferroptosis,” The Journal
of Cell Biology, vol. 220, no. 9, article e202105043, 2021.

[11] M. Mazhar, A. U. Din, H. Ali et al., “Implication of ferroptosis
in aging,” Cell Death Discovery, vol. 7, no. 1, p. 149, 2021.

[12] X. Chen, J. Li, R. Kang, D. J. Klionsky, and D. Tang, “Ferrop-
tosis: machinery and regulation,” Autophagy, vol. 17, no. 9,
pp. 2054–2081, 2021.

[13] R. Z. Yang, W. N. Xu, H. L. Zheng et al., “Involvement of oxi-
dative stress-induced annulus fibrosus cell and nucleus pulpo-
sus cell ferroptosis in intervertebral disc degeneration
pathogenesis,” Journal of Cellular Physiology, vol. 236, no. 4,
pp. 2725–2739, 2021.

[14] X. Zhang, Z. Huang, Z. Xie et al., “Homocysteine induces oxi-
dative stress and ferroptosis of nucleus pulposus via enhancing
methylation of GPX4,” Free Radical Biology & Medicine,
vol. 160, pp. 552–565, 2020.

18 Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2023/9020236.f1.docx


[15] S. Lu, Y. Song, R. Luo et al., “Ferroportin-dependent iron
homeostasis protects against oxidative stress-induced nucleus
pulposus cell ferroptosis and ameliorates intervertebral disc
degeneration in vivo,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2021, Article ID 6670497, 18 pages, 2021.

[16] Z. Sun, B. Liu, and Z. J. Luo, “The immune privilege of the
intervertebral disc: implications for intervertebral disc degen-
eration treatment,” International Journal of Medical Sciences,
vol. 17, no. 5, pp. 685–692, 2020.

[17] L. Wang, T. He, J. Liu et al., “Revealing the immune infiltration
landscape and identifying diagnostic biomarkers for lumbar
disc herniation,” Frontiers in Immunology, vol. 12, article
666355, 2021.

[18] F. Ye, F. J. Lyu, H. Wang, and Z. Zheng, “The involvement of
immune system in intervertebral disc herniation and degener-
ation,” JOR Spine, vol. 5, no. 1, article e1196, 2022.

[19] Z. Kazezian, R. Gawri, L. Haglund et al., “Gene expression pro-
filing identifies interferon signalling molecules and IGFBP3 in
human degenerative annulus fibrosus,” Scientific Reports,
vol. 5, no. 1, article 15662, 2015.

[20] V. K. Mootha, C. M. Lindgren, K. F. Eriksson et al., “PGC-1α-
responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes,” Nature
Genetics, vol. 34, no. 3, pp. 267–273, 2003.

[21] A. Subramanian, P. Tamayo, V. K. Mootha et al., “Gene set
enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 102, no. 43, pp. 15545–15550, 2005.

[22] D. Szklarczyk, A. L. Gable, K. C. Nastou et al., “The STRING
database in 2021: customizable protein-protein networks,
and functional characterization of user-uploaded gene/mea-
surement sets,” Nucleic Acids Research, vol. 49, no. D1,
pp. D605–D612, 2021.

[23] P. Shannon, A. Markiel, O. Ozier et al., “Cytoscape: a software
environment for integrated models of biomolecular interac-
tion networks,” Genome Research, vol. 13, no. 11, pp. 2498–
2504, 2003.

[24] J. H. Li, S. Liu, H. Zhou, L. H. Qu, and J. H. Yang, “starBase
v2.0: decoding miRNA-ceRNA, miRNA-ncRNA and protein-
RNA interaction networks from large-scale CLIP-Seq data,”
Nucleic Acids Research, vol. 42, no. D1, pp. D92–D97, 2014.

[25] Y. J. Che, J. B. Guo, T. Liang et al., “Assessment of changes in
the micro-nano environment of intervertebral disc degenera-
tion based on Pfirrmann grade,” The Spine Journal, vol. 19,
no. 7, pp. 1242–1253, 2019.

[26] Y. J. Che, J. B. Guo, T. Liang et al., “Controlled
immobilization-traction based on intervertebral stability is
conducive to the regeneration or repair of the degenerative
disc: an in vivo study on the rat coccygeal model,” The Spine
Journal, vol. 19, no. 5, pp. 920–930, 2019.

[27] B. Han, K. Zhu, F. C. Li et al., “A simple disc degeneration
model induced by percutaneous needle puncture in the rat
tail,” Spine, vol. 33, no. 18, pp. 1925–1934, 2008.

[28] S. R. A. El-Khalik, R. R. Ibrahim, M. T. A. Ghafar, D. Shatat,
and O. S. El-Deeb, “Novel insights into the SLC7A11-
mediated ferroptosis signaling pathways in preeclampsia
patients: identifying pannexin 1 and toll-like receptor 4 as
innovative prospective diagnostic biomarkers,” Journal of
Assisted Reproduction and Genetics, vol. 39, no. 5, pp. 1115–
1124, 2022.

[29] P. Liao, W. Wang, W. Wang et al., “CD8+ T cells and fatty
acids orchestrate tumor ferroptosis and immunity via ACSL4,”
Cancer Cell, vol. 40, no. 4, pp. 365–378.e6, 2022.

[30] V. Francisco, J. Pino, M. A. Gonzalez-Gay et al., “A new immu-
nometabolic perspective of intervertebral disc degeneration,”
Nature Reviews Rheumatology, vol. 18, no. 1, pp. 47–60, 2022.

[31] M. R. Thompson, D. Xu, and B. R. G. Williams, “ATF3 tran-
scription factor and its emerging roles in immunity and can-
cer,” Journal of Molecular Medicine (Berlin, Germany),
vol. 87, no. 11, pp. 1053–1060, 2009.

[32] N. D. Boespflug, S. Kumar, J. W. McAlees et al., “ATF3 is a
novel regulator of mouse neutrophil migration,” Blood,
vol. 123, no. 13, pp. 2084–2093, 2014.

[33] L. Wang, Y. Liu, T. Du et al., “ATF3 promotes erastin-induced
ferroptosis by suppressing system Xc-,” Cell Death and Differ-
entiation, vol. 27, no. 2, pp. 662–675, 2020.

[34] T. Iezaki, K. Ozaki, K. Fukasawa et al., “ATF3 deficiency in
chondrocytes alleviates osteoarthritis development,” The Jour-
nal of Pathology, vol. 239, no. 4, pp. 426–437, 2016.

[35] H. R. Katz, A. A. Arcese, O. Bloom, and J. R. Morgan, “Activat-
ing transcription factor 3 (ATF3) is a highly conserved pro-
regenerative transcription factor in the vertebrate nervous sys-
tem,” Frontiers in Cell and Development Biology, vol. 10, article
824036, 2022.

[36] C. Kole, B. Brommer, N. Nakaya et al., “Activating transcrip-
tion factor 3 (ATF3) protects retinal ganglion cells and pro-
motes functional preservation after optic nerve crush,”
Investigative Ophthalmology & Visual Science, vol. 61, no. 2,
p. 31, 2020.

[37] Y. Li, D. Pan, X. Wang et al., “Silencing ATF3 might delay
TBHP-induced intervertebral disc degeneration by repressing
NPC ferroptosis, apoptosis, and ECM degradation,” Oxidative
Medicine and Cellular Longevity, vol. 2022, Article ID
4235126, 17 pages, 2022.

[38] H. Liu, H. Mo, C. Yang et al., “A novel function of ATF3 in
suppression of ferroptosis in mouse heart suffered ischemia/
reperfusion,” Free Radical Biology & Medicine, vol. 189,
pp. 122–135, 2022.

[39] H. Sha, D. Zhang, Y. Zhang, Y. Wen, and Y. Wang, “ATF3
promotes migration and M1/M2 polarization of macrophages
by activating tenascin-C viaWnt/β-catenin pathway,”Molecu-
lar Medicine Reports, vol. 16, no. 3, pp. 3641–3647, 2017.

[40] P. F. Lai, C. F. Cheng, H. Lin, T. L. Tseng, H. H. Chen, and
S. H. Chen, “ATF3 protects against LPS-induced inflammation
in mice via inhibiting HMGB1 expression,” Evidence-based
Complementary and Alternative Medicine, vol. 2013, Article
ID 716481, 14 pages, 2013.

[41] C. M. Chan, C. D. Macdonald, G. J. Litherland et al., “Cyto-
kine-induced MMP13 expression in human chondrocytes is
dependent on activating transcription factor 3 (ATF3) regula-
tion,” The Journal of Biological Chemistry, vol. 292, no. 5,
pp. 1625–1636, 2017.

[42] X. M. Wang, X. M. Liu, Y. Wang, and Z. Y. Chen, “Activat-
ing transcription factor 3 (ATF3) regulates cell growth, apo-
ptosis, invasion and collagen synthesis in keloid fibroblast
through transforming growth factor beta (TGF-beta)/SMAD
signaling pathway,” Bioengineered, vol. 12, no. 1, pp. 117–
126, 2021.

[43] J. Fucikova, O. Kepp, L. Kasikova et al., “Detection of immuno-
genic cell death and its relevance for cancer therapy,” Cell
Death & Disease, vol. 11, no. 11, p. 1013, 2020.

19Oxidative Medicine and Cellular Longevity



[44] S. Bond, C. Lopez-Lloreda, P. J. Gannon, C. Akay-Espinoza,
and K. L. Jordan-Sciutto, “The integrated stress response and
phosphorylated eukaryotic initiation factor 2α in neurodegen-
eration,” Journal of Neuropathology and Experimental Neurol-
ogy, vol. 79, no. 2, pp. 123–143, 2020.

[45] R. Anderson, A. Agarwal, A. Ghosh et al., “eIF2A-knockout
mice reveal decreased life span and metabolic syndrome,”
The FASEB Journal, vol. 35, no. 11, article e21990, 2021.

[46] P. Sun, S. Zhang, X. Qin et al., “Foot-and-mouth disease virus
capsid protein VP2 activates the cellular EIF2S1-ATF4 path-
way and induces autophagy via HSPB1,” Autophagy, vol. 14,
no. 2, pp. 336–346, 2018.

[47] X. Bai, J. Ni, J. Beretov et al., “Activation of the eIF2α/ATF4
axis drives triple-negative breast cancer radioresistance by pro-
moting glutathione biosynthesis,” Redox Biology, vol. 43, arti-
cle 101993, 2021.

[48] D. Ross and D. Siegel, “Functions of NQO1 in cellular protec-
tion and CoQ10 metabolism and its potential role as a redox
sensitive molecular switch,” Frontiers in Physiology, vol. 8,
p. 595, 2017.

[49] D. Ross and D. Siegel, “The diverse functionality of NQO1 and
its roles in redox control,” Redox Biology, vol. 41, article
101950, 2021.

[50] H.Wang, Z. Jiang, Z. Pang, T. Zhou, and Y. Gu, “Acacetin alle-
viates inflammation and matrix degradation in nucleus pulpo-
sus cells and ameliorates intervertebral disc degeneration
in vivo,” Drug Design, Development and Therapy, vol. 14,
pp. 4801–4813, 2020.

[51] C. Chang, A. Saltzman, S. Yeh et al., “Androgen receptor: an
overview,” Critical Reviews in Eukaryotic Gene Expression,
vol. 5, no. 2, pp. 97–125, 1995.

[52] Y. Koryakina, H. Q. Ta, and D. Gioeli, “Androgen receptor
phosphorylation: biological context and functional conse-
quences,” Endocrine-Related Cancer, vol. 21, no. 4, pp. T131–
T145, 2014.

[53] Q. Liu, X. Wang, Y. Hua et al., “Estrogen deficiency exacer-
bates intervertebral disc degeneration induced by spinal insta-
bility in rats,” Spine, vol. 44, no. 9, pp. E510–E519, 2019.

[54] M. X. Song, X. X. Ma, C.Wang et al., “Protective effect of estro-
gen receptors (ERα/β) against the intervertebral disc degener-
ation involves activating CCN5 via the promoter,” European
Review for Medical and Pharmacological Sciences, vol. 25,
no. 4, pp. 1811–1820, 2021.

[55] T. Ootake, T. Ishii, K. Sueishi et al., “Effects of mechanical
stress and deficiency of dihydrotestosterone or 17β-estradiol
on temporomandibular joint osteoarthritis in mice,” Osteoar-
thritis and Cartilage, vol. 29, no. 11, pp. 1575–1589, 2021.

[56] Y. Liu, S. He, Y. Chen et al., “Overview of AKR1C3: inhibitor
achievements and disease insights,” Journal of Medicinal
Chemistry, vol. 63, no. 20, pp. 11305–11329, 2020.

[57] T. M. Penning, “AKR1C3 (type 5 17β-hydroxysteroid dehy-
drogenase/prostaglandin F synthase): roles in malignancy
and endocrine disorders,” Molecular and Cellular Endocrinol-
ogy, vol. 489, pp. 82–91, 2019.

[58] J. Liang, Y. Cao, M. He et al., “AKR1C3 and its transcription
factor HOXB4 are promising diagnostic biomarkers for acute
myocardial infarction,” Frontiers in Cardiovascular Medicine,
vol. 8, article 694238, 2021.

[59] J. Chen, Z. Mei, B. Huang et al., “IL-6/YAP1/β-catenin signal-
ing is involved in intervertebral disc degeneration,” Journal of
Cellular Physiology, vol. 234, no. 5, pp. 5964–5971, 2019.

[60] W. Xiong and X. H. W. Hu, “AKR1C3 and β-catenin expres-
sion in non-small cell lung cancer and relationship with radi-
ation resistance,” Journal of BUON, vol. 26, no. 3, pp. 802–
811, 2021.

[61] H. Tsubaki, I. Tooyama, and D. G. Walker, “Thioredoxin-
interacting protein (TXNIP) with focus on brain and neurode-
generative diseases,” International Journal of Molecular Sci-
ences, vol. 21, no. 24, p. 9357, 2020.

[62] Y. Zhou, Z. Chen, X. Yang et al., “Morin attenuates pyroptosis
of nucleus pulposus cells and ameliorates intervertebral disc
degeneration via inhibition of the TXNIP/NLRP3/Caspase-1/
IL-1β signaling pathway,” Biochemical and Biophysical
Research Communications, vol. 559, pp. 106–112, 2021.

[63] S. Nasoohi, S. Ismael, and T. Ishrat, “Thioredoxin-interacting
protein (TXNIP) in cerebrovascular and neurodegenerative
diseases: regulation and implication,”Molecular Neurobiology,
vol. 55, no. 10, pp. 7900–7920, 2018.

[64] G. Sokratous, S. Polyzoidis, and K. Ashkan, “Immune infiltra-
tion of tumor microenvironment following immunotherapy
for glioblastoma multiforme,” Human Vaccines & Immuno-
therapeutics, vol. 13, no. 11, pp. 2575–2582, 2017.

[65] R. D. Bowles and L. A. Setton, “Biomaterials for intervertebral
disc regeneration and repair,” Biomaterials, vol. 129, pp. 54–
67, 2017.

[66] J. Zhu, X. Zhang, W. Gao, H. Hu, X. Wang, and D. Hao,
“lncRNA/circRNA‑miRNA‑mRNA ceRNA network in lum-
bar intervertebral disc degeneration,” Molecular Medicine
Reports, vol. 20, no. 4, pp. 3160–3174, 2019.

[67] H. Zhang, J. Li, D. Duan, W. She, L. Wang, and F. Zhang, “The
role of lncRNA MALAT1 in intervertebral degenerative disc
disease,” International Journal of Clinical and Experimental
Pathology, vol. 10, no. 10, pp. 10611–10617, 2017.

[68] W. Cheng, C. Y. Hao, S. Zhao, L. L. Zhang, and D. Liu,
“SNHG16 promotes the progression of osteoarthritis through
activating microRNA-93-5p/CCND1 axis,” European Review
for Medical and Pharmacological Sciences, vol. 23, no. 21,
pp. 9222–9229, 2019.

[69] M. A. Adams and P. J. Roughley, “What is intervertebral disc
degeneration, and what causes it?,” Spine, vol. 31, no. 18,
pp. 2151–2161, 2006.

20 Oxidative Medicine and Cellular Longevity


	Establishment of Ferroptosis-Related Key Gene Signature and Its Validation in Compression-Induced Intervertebral Disc Degeneration Rats
	1. Introduction
	2. Material and Methods
	2.1. Dataset Acquisition and Preprocessing
	2.2. Gene Set Enrichment Analysis (GSEA)
	2.3. Screening of Differential Expression Genes (DEGs) and FerrDEGs
	2.4. Enrichment Analysis of FerrDEGs
	2.5. Construction of FerrDEG Protein-Protein Interaction (PPI) Network and Screening of Ferroptosis Key Genes
	2.6. Correlation Analysis between Immune Infiltration Cells and Ferroptosis Key Genes
	2.7. Construction of Potential lncRNA-miRNA-mRNA ceRNA Network of Ferroptosis Key Genes
	2.8. Construction of a Compression-Induced IDD Rat Model
	2.9. Validation of Ferroptosis Key Genes in Compression-Induced IDD Rats
	2.10. Statistical Analysis

	3. Results
	3.1. GSEA
	3.2. Screening of DEGs and FerrDEGs
	3.3. FerrDEG Enrichment Analysis
	3.4. Construction of PPI Network and Screening of Ferroptosis Key Genes
	3.5. Correlation Analysis between Ferroptosis Key Genes and Immune Cell Infiltration in IDD
	3.6. Construction of Potential ceRNA Network of Ferroptosis Key Genes
	3.7. Validation of Ferroptosis Key Genes in the Compression-Induced IDD Rats

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



