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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, NQOI, 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 IncRNA-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-1f and TGF-f1 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.

Oxidative Medicine and Cellular Longevity

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
enough DEGs. 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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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.

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 IncRNA-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 IncRNA of

miRNA [24]. We selected the first two miRNAs with
upstream IncRNA as candidate potential miRNA, and the
IncRNA screening condition was clip data strict>5. We
selected the top two largest of clipExpNum as candidate
potential IncRNA. Finally, we used the Sankey map to visu-
alize the IncRNA-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
Co07-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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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-
13 and TGF-f1 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, AKRIC3, EIF2S1, MAP3K5, NQOI,
AHCY, ASNS, and GDFI15 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)).

Oxidative Medicine and Cellular Longevity

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 la, b, ¢). 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, NQOI1, AR, TXNIP, and AKRI1C3
(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 activated NK 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 IncRNA 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.
AKRIC3 has only one upstream miRNA, and the rest of
the genes had two upstream miRNAs. The 13 potential
IncRNA were AC005899.4, AC009032.1, AC016876.2,
AC021078.1, LRRC75A-AS1, MALAT1, MIR17HG, MIR2HG,
MIR29B2CHG, NEATI1, NORAD, SNHGI, and SNHGI6.
IncRNA MALATI1 showed the most degree of association,
followed by IncRNA SNHG16.
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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-Col0, 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,
NQOI, 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-13 mRNA was significantly upregulated in the
IDD group compared to the Sham group, while TGF-pf1
was significantly downregulated in the IDD group compared
to the Sham group (p value < 0.05; Figures 8(1) 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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F1GURE 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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FIGURE 7: Potential IncRNA-miRNA-mRNA ceRNA network of ferroptosis key genes.

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, NQOI,
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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F1Gure 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. (I, m) IL-1f and TGF-f1

expression in compression-induced IDD rats.

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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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-q, 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.

NQOI1, NAD (P) H: quinone oxidoreductase 1, plays a
controlling role in redox modulation [48]. NQOL1 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 NQOI 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 NQOI1 in
IDD currently, and the biological function of NQOLI 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.

AKRI1C3, human Aldo-keto reductase family 1 member
C3, is a hormone activity regulator [56]. On the one hand,
AKRIC3 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 HIC2 cells [58]. This suggests
that the upregulation of AKR1C3 might inhibit ferroptosis
in IDD somehow. On the other hand, AKRIC3 and -
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catenin signaling may have a synergistic effect, and f-
catenin signaling is often upregulated and contributes to
IDD, suggesting AKR1C3 could promote IDD development
through the f-catenin pathway [59, 60]. It seems that
AKRIC3 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-1f and TGF-f1
expression in the IDD model, and we found that IL-18 was
significantly upregulated while TGF-1 was significantly
downregulated in IDD. We verified IL-18 and TGF-f1
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 IncRNA. Among IncRNA, IncRNA MALAT1 showed
the strongest association, followed by IncRNA SNHGI6.
Therefore, these genes might be involved in regulating fer-
roptosis genes in IDD. A previous study showed that
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IncRNA MALT1 could suppress inflammation, inhibit
nucleus pulposus cell apoptosis, promote cell proliferation,
and attenuate aggrecan degradation [67]. Knockdown of
IncRNA SNHGI6 suppressed cell viability and induced apo-
ptosis in chondrocytes [68]. Yet, there is no evidence about
the biological function of IncRNA 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.
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Objective. Mitochondrial dysfunction plays an important role in intervertebral disc degeneration (IDD). We aim to explore the
pathways and key genes that cause mitochondrial dysfunction during IDD and to further reveal the pathogenesis of IDD based
on bioinformatic analyses. Methods. Datasets GSE70362 and GSE124272 were downloaded from the Gene Expression
Omnibus. Differentially expressed genes (DEGs) of mitochondrial dysfunction between IDD patients and healthy controls were
screened by package limma package. Critical genes were identified by adopting gene ontology (GO), Kyoto encyclopedia of
genes and genomes (KEGG) pathways, and protein-protein interaction (PPI) networks. We collected both degenerated and
normal disc tissues obtained surgically, and we performed western blot and qPCR to verify the key DEGs identified in
intervertebral disc tissues. Results. In total, 40 cases of IDD and 24 healthy controls were included. We identified 152 DEGs,
including 67 upregulated genes and 85 downregulated genes. Four genes related to mitochondrial dysfunction (SOX9,
FLVCRI1, NR5A1 and UCHLI) were screened out. Of them, SOX9, FLVCRI, and UCHLI were down-regulated in peripheral
blood and intervertebral disc tissues of IDD patients, while NR5A1 was up-regulated. The analysis of immune infiltration
showed the concentrations of mast cells activated were significantly the highest in IDD patients. Compared with the control
group, the level of T cells CD4 memory resting was the lowest in the patients. In addition, 24 cases of IDD tissues and 12 cases
of normal disc tissues were obtained to verify the results of bioinformatics analysis. Both western blot and qPCR results were
consistent with the results of bioinformatics analysis. Conclusion. We identified four genes (SOX9, FLVCRI, NR5A1 and
UCHLL1) associated with mitochondrial dysfunction that play an important role in the progress of disc degeneration. The
identification of these differential genes may provide new insights for the diagnosis and treatment of IDD.

1. Introduction

Low back pain (LBP) is a common muscle bone disease that
causes physical pains to patients and severe economic bur-
den to the society [1, 2]. Intervertebral disc degeneration
(IDD), as one major cause of LBP, is featured by structural

destruction, apoptosis of nucleus pulposus cells, release of
proinflammatory cytokines, and extracellular matrix degra-
dation in the intervertebral disc [3, 4]. So far, the concrete
pathology of IDD is unclear, and the clinical treatment strat-
egies are mainly targeted at conservative treatment or surgi-
cal intervention for symptom relieving. Nevertheless, nearly
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20% of IDD patients respond badly to non-surgical therapy
[5]. Thus, further clarifying the molecular mechanism of
IDD is a new route for precise intervention of LBP.

A normal intervertebral disc is anatomically composed
of gelatinous nucleus pulposus (NP) in the center and annu-
lus fibrosus tissues in the periphery, and is assisted by carti-
laginous endplates (CEP) to enhance its mechanical
strength. The intervertebral disc (especially nucleus pulposus
tissues) is critical in maintaining the physiological functions
of the spine, and can absorb and disperse the machinery
loads of the spine that moves at all directions [6]. Interverte-
bral disc, the largest vessel-free organ in the human body,
acquires energy mainly through anaerobic glycolysis [7],
and mitochondria are critical in supply energy for the inter-
vertebral disc to maintain normal physiological functions
[5]. In addition to matter and energy metabolism, mitochon-
dria are involved in regulation and control of second mes-
senger functions, such as release of reactive oxygen species
(ROS) and calcium ions, and further activate various signal-
ing pathways to maintain the steady functions of nucleus
pulposus cells. Reportedly, the mitochondria in the NP cells
of IDD patients are structurally and functionally abnormal,
and mitochondrial dysfunction may be one of the causes
that accelerate the progression of IDD. As a by-product of
aerobic respiration, ROS is mainly produced in the mito-
chondria by the electron transport chain and other mito-
chondrial located proteins. With the excessive
accumulation of ROS, mitochondria are the main target of
ROS attack in disc cells [8].

In this study, we screened out the differential expressions
of mitochondrial genes, between normal people and IDD
patients in both intervertebral disc tissues and peripheral
blood, from the transcriptome sequencing gene data of Gene
Expression Omnibus (GEO). The key pathways and proteins
were identified from analysis of gene ontologies (GOs),
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways, protein-protein interaction (PPI) networks, and some
other bioinformatics analysis tools that offer a new clue to
uncover the pathogenesis of IDD and theoretically underlies
intervertebral disc repair and regeneration.

2. Materials and Methods

2.1. Data Downloading. Datasets GSE70362 [9] and
GSE124272 [10, 11] were downloaded from GEO.
GSE70362 containing 32 cases of IDD and 16 control cases
was obtained from the GPL17810 sequencing platform.
The GSE124272 containing 8 cases of IDD and 8 control
cases was acquired from the GPL21185 sequencing plat-
form. All cases were of human source. The above two
datasets were integrated for downstream analysis. The
batch effect between datasets was calibrated using package
SVA of R language [12] and the data were normalized
using log2. The expression distribution after the above
processing was visualized in box plots, including 40 IDD
cases and 24 control cases.

To analyze the expressions of mitochondrial dysfunction
genes in all samples, we first identified 11 mitochondrial
dysfunction genes from database GeneCards [13] by using
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keyword ‘Mitochondrial dysfunction’ (CGB5, KIT, FLVCRI,
SP1, SOX9, UCHL1, CYP21A2, NR5A1, DAZ4, DHH,
POMK). Then after intersection with the existing expression
profiles, 9 genes were left (KIT, FLVCRI1, SP1, SOXO9,
UCHLI1, CYP21A2, NR5A1, DHH, POMK).

2.2. Panorama of Mitochondrial Dysfunction Genes. To fur-
ther explore the correlations of mitochondrial dysfunction
genes in all patients, we calculated the Pearson correlations
between genes. The absolute value of correlation coefficient
larger than 0.3 and p <0.05 indicate the presence of correla-
tion. The correlations between qualified genes were plotted
on the R package ggplot2 [14].

To analyze the effects of expressions of mitochondrial
functional genes on IDD, we analyzed the differentially
expressed genes (DEGs) between the IDD group and the
control group using the integrated dataset on the R package
limma [15] and screened out the significant genes. The
thresholds were absolute value of log2 (fold change)
(log2FC) >1.5 and Padj<0.05. The genes with log2FC>1.5
and Padj<0.05 were upregulated, and the genes with
log2FC< -1.5 and Padj<0.05 were downregulated. Especially,
the volcano plots show the downregulated or upregulated
DEGs. The heatmaps of all these DEGs in all samples were
plotted on the R package pheatmap [16]. To analyze the
expressions of mitochondrial dysfunction genes between
the control and tested groups, we plotted the box plots of
the two groups using the R package ggpubr [17]. The two
groups were compared using Wilcoxon rank sum test. The
significant level was p <0.05.

Protein-protein interaction (PPI) networks are formed
from the interactions of single proteins, and participate in
all steps of the life process, including biosignal transfer, gene
expression regulation, energy and substance metabolism,
and cell cycle regulation. Systematic analysis of interactions
among abundant proteins in biosystems is contributive to
understanding the rationale of proteins in biosystems, clari-
fying the mechanisms of biosignals and energy/substance
metabolism in special physiological states such as diseases,
and for knowing the functional associations between pro-
teins. STRING is a database for searching known PPIs and
predicting PPIs [18]. We used STRING and chose the genes
with combined score larger than 400 to build a network of
interactions between DEG-related proteins. The PPI net-
work was visualized on Cytoscape 3.7.2 [19].

2.3. Diagnostic Model Based on Mitochondrial Dysfunction
Genes. Given the influence of mitochondrial dysfunction,
the control samples and tested samples may contain differ-
ent mitochondrial dysfunction genes that show different sta-
tuses. Hence, it is highly feasible to build a diagnostic model
based on mitochondrial dysfunction genes.

Here, we first used ridge regression to screen all mito-
chondrial dysfunction genes on the R package glmnet [20],
and found out the optimal A. After the regression, the genes
with coefficient not being 0 were remained. Then the genes
were further screened through logistics regression. The
genes chosen for modeling and their coefficients were dis-
played as forest map on the R package forestplot [21].
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After that, to identify the multifactor influence of feature
genes in the diagnostic model, we chose the genes with large
absolute weights in the previous model on the R package
rms [22] and built a new logistics multifactor regression
model. To validate the predictive efficacy of the new diag-
nostic model, we plotted receiver’s operating characteristic
curve (ROC) and calculated the area under curve (AUC)
on the R package pROC [23].

2.4. Gene Set Enrichment Analysis. To further uncover the
biological differences between the tested samples and the
control samples, we subjected the DEGs to gene set enrich-
ment analysis (GSEA).

GSEA is a commonly-used method for large-scale func-
tion enrichment analysis at different dimensions and levels,
and usually involves three aspects: bioprocesses, molecular
functions, and cell components [24]. KEGG is a widely-
used database that stores information of genome, biological
pathways, diseases, and drugs [25]. All significant DEGs
were subjected to GO function annotation and KEGG path-
way enrichment analyses on the R package clusterprofiler
[26, 27] to identify the significantly enriched bioprocesses.
The results were visualized as bar charts and bubble plots.
The significant threshold of enrichment analysis was set at
adjusted p <0.05.

Gene enrichment analysis determines whether a preset
gene is significantly different between two biological states,
and is often used to estimate the changes in pathways and
bioprocesses in a dataset [28]. To study the differences in
bioprocesses between two groups, we chose the gene profile
dataset, and downloaded reference gene sets ‘c5.go.v7.4.en-
trezgmt’ and ‘c2.cp.kegg.v7.4. entrez.gmt’ from database
MSigDB [29]. The datasets were enriched and visualized
using the GSEA from the R package clusterprofiler. The sig-
nificant level was set at adjusted p <0.05.

GSVA, the gene set variation analysis [30] and a nonpara-
metric unsupervised method, converts the between-sample
gene expression matrix into a between-sample gene set expres-
sion matrix, and thereby evaluates the gene set enrichment of
chip nucleolus transcriptome. GSVA is used to evaluate
whether a pathway is enriched between samples. Gene sets
‘c5.go.v7.4.entrezgmt’ and ‘c2.cp.keggv7.4. entrez.gmt’
acquired from database MSigDB were sent to GSVA at the
gene expression level, and thereby, the function enrichment
differences were compared between two types of tissues.

2.5. WGCNA. Weighted gene correlation network analysis
(WGCNA), a systematic biological method to describe gene
association modes between samples, can identify the gene
sets with highly collaborative changes, and identify the can-
didate biological marker genes or therapeutic targets accord-
ing to the internality of gene sets and to the associations
between gene sets and phenotypes [31]. The correlated key
gene sets between the tested and control groups were identi-
fied using the R package WGCNA [31], which were used in
subsequent analysis.

2.6. Protein-Protein Interaction (PPI) Network. The gene
expressions are universally and mutually associated, and

TaBLE 1: Primers used for RT-qPCR.

F:5'- GGAACTTGAATCCAGCCAGAGAA -3’

FLVCRI , /
R:5'- GTCCGTTGTATCCATAAGGTAGCA -3
N F:5'- GACAGGGAGAAGTTGAGCAGGTAT -3/
NR5A1
R:5' - TTGGGTGGGAGAGGGAATCAGT -3/
. F:5'- GCTCAAGCCGATGGAGATCAAC -3/
UCHLLI
R:5' - ACTGCGTGAATAAGTCCGATTGTG -3/
© F:5'- GAGCAGCGAAATCAACGAGAAACT -3/
X9
R:5' - ACAAAGTCCAAACAGGCAGAGAGA -3’
F:5' - ACTTTGGTATCGTGGAAGGACTCA -3/
GAPDH

R:5'- CCAGTAGAGGCAGGGATGATGTT -3’

especially, the genes that regulate the same biological process
are highly associated. Hence, to uncover the gene associa-
tions in the tested group or the control group through
WGCNA, we built a PPI network.

The above genes from the database STRING [32] were
inputted to build a PPI network at the default confidence
level of 0.4. Then the PPI was outputted. Further analysis
was done on Cytoscape [19]. The network attributes of
nodes were calculated, and the hub nodes were identified
with node degrees as the standard on the package Cyto-
hubba [33]. The top 10 nodes ranked by the node degree
were classified as the hub nodes. These nodes were highly
associated with other nodes and thus may play critical roles
in the regulation and control of all biological processes,
which are worth of further research.

2.7. Identification and Correlation Analysis of Immune
Infiltrating Cells. The immune microenvironment mainly
consists of immune cells, inflammatory cells, fibroblasts,
interstitium samples, and various cytokines and chemokines,
and thus is a loaded comprehensive system. The infiltration
analysis of immune cells is pivotal in disease research and
prediction of therapeutic prognosis. CIBERSORT is an algo-
rithm for deconvolution of expression matrix of immune cell
subtypes according to the rationale of linear support vectors,
and uses RNA-Seq data to estimate the abundance of
immune cells in samples [34]. The CIBERSORT from R lan-
guage [34] was used to calculate the abundance of 22 types
of immune cells between the tested group and the control
group, and the composition of immune cells was visualized
as box plots. The differences in proportions of immune cells
were calculated using Wilcoxon test, at the significant level
of P <0.05.

2.8. Unsupervised Clustering. Because of ubiquitous hetero-
geneity among patients, such heterogeneity can be inter-
preted using unsupervised clustering of samples according
to hub genes, and the samples were reclassified. This classi-
fication can help us to comprehensively understand the
mechanism of mitochondrial dysfunction in different modes
of disc degeneration.
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FIGURrk 1: Flow diagram presenting the main plan and process of the study.

First, the optimal number of clusters was determined
using the R package factoextra [35]. After that, all patients
were clustered in an unsupervised way using k-mean cluster-
ing. The samples were classified into 2 clusters, and the final
clustering effect was examined using factoextra. The expres-
sions of the 10 hub genes between the two groups were dis-
played as heatmaps. Histograms of groups were plotted on R
package ggpubr [17] with the sample clustering label. The
two groups were compared using Wilcoxon rank sum test
at the significant level p <0.05.

2.9. RNA Extraction and Real-Time Quantitative Polymerase
Chain Reaction (RT-qPCR). The ethics approvals were pro-
vided by the institutional review board of the Seventh Affil-
iated Hospital of Sun Yat-sen University (KY-2021-030-01).
All enrolled patients provided written informed consent for
the research protocol. The degree of IDD was determined
by magnetic resonance imaging (MRI) following Pfirrmann
classification [36]. Tissues of Pfirrmann I-II were used as
controls. Human lumbar disc tissues were obtained from
patients who underwent spinal canal decompression treat-
ment. The nucleus pulposus and annulus fibrosus tissues
were separated and RNA was extracted directly from tissues
according to a previous protocol [37]. In brief, 150 mg of a
sample was cut up and then digested with 2 mg/ml pronase
at 37°C, flash-frozen, pulverized in liquid nitrogen, and
homogenized with a tissue lyser. Total RNA was extracted

using a TRI Reagent (Invitrogen, USA) and 400 ng of RNA
was then converted to cDNA using a cDNA synthesis kit
(Takara, Japan).

RT-qPCR was performed using Power Up SYBR Green
Master Mix (Thermo Fisher Scientific, USA) on a real-time
system (Bio-Rad, USA). As described in the protocol, each
reaction mixture consisted of 5ul of 2xPower Up SYBR
Green Master Mix, 2 ul of nuclease-free water, 0.5 ul of each
of 10 uM forward and reverse primers and 2 ul of cDNA.
The applied cycle conditions were: 50°C for 2min and
95°C for 2min followed by 44 cycles of 15s at 95°C and
1 min at 60°C. The specific primers used here were designed
using Primer 6.0 (Applied Biosystems, CA), and the
sequences are provided in Table 1. Results were normalized
to housekeeping gene glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) expression using the 2°44“" algorithm.

2.10. Extraction and Culture of Primary Intervertebral Disc
Cells. NP tissues and AF tissues were digested using 2 mg/
ml type II collagenase (Gibco, USA) at 37°C. After washing
with PBS, the digested tissues were transferred to DMEM/
F12 (Gibco, USA) containing 10% fetal bovine serum
(Gibco, USA) and 1% penicillin/streptomycin (Gibco,
USA) in the incubator at 5% CO, and 37°C. The cells at
the confluent stage were passaged after digestion with
0.25% Trypsin-EDTA (Gibco, USA). Cells after the second
passage were used in the following experiments.
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FIGURE 2: Genes related to mitochondrial dysfunction. (a): box plot and PCA of gene expressions before and after batch effect removal in the
GEO data. (b): correlations among mitochondrial dysfunction genes. Colors indicate correlations. A pinker color means stronger
correlation. Node size indicates -logl0 (P-value), and a larger node means higher significance. (c): volcano plots of DEGs, x-axis:
log2FoldChange, y-axis: -logl0 (adjust P-value); red, gray and blue nodes indicate the differentially expressed genes are upregulated,
insignificant, and downregulated, respectively. (d): heat maps of DEGs, blue: degeneration group, red: control group. (e): histograms of
expressions of mitochondrial dysfunction genes in test group and control group; x-axis: mitochondrial dysfunction genes, y-axis: gene
expression level; red: test group, blue: control group. P <0.05: significant level. (f): PPI network of mitochondrial dysfunction genes.

2.11. Total Protein Extraction and Western Blot. Total pro-
teins were extracted with an RIPA buffer (Thermo Fisher
Scientific, USA) and the concentrations were determined
by a BCA kit (Boster, China). Proteins were electrophoresed
in premade polyacrylamide gels containing SDS, and trans-
ferred to polyvinylidene fluoride(PVDF)membranes from
the gels. After blocking with 5% non-fat milk (Solarbio,
China) for 1h, the PVDF membranes were incubated with
primary antibody overnight at 4°C and then incubated with

secondary antibody (coupled with horseradish peroxidase)
for 1h at room temperature. The protein signal was visual-
ized by an ECL chemiluminescence kit (EpiZyme, China),
and the grayscale of band was quantified using Image J.

2.12. Statistical Analysis. All data were analyzed and proc-
essed on R 4.1.1. Continuous variables in normal distribu-
tion were compared between groups using independent
Student t test, and those in nonnormal distribution were
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compared using Mann-Whitney U test (namely Wilcoxon
rank sum test). Variables between groups were statistically
analyzed using Chi-square test or Fisher’s exact test. The
correlation coefficients between genes were calculated via
Pearson correlation analysis. All P values are two-sided.
P <0.05 indicates significance.

3. Results

3.1. Data Processing. This study procedure was conducted
methodically based on the steps outlined in the flow diagram
(Figure 1). To build a panorama of mitochondrial dysfunc-
tion genes in all samples, we first integrated the expression
profiles from two data sets. Given the severe batch effect of
data sets from different sources, we first corrected the batch
effect of original data, and log-normalized the data. Results
showed that the expression distributions of all samples after
the above processing were distributed in consistent ways,
which helped improve the accuracy and robustness of down-
stream analyses (Figure 2(a)). The integrated data set after
the removal of batch effect contained 40 IDD samples and
24 control samples.

3.2. Panorama of Mitochondrial Dysfunction Genes. The
expression levels of mitochondrial dysfunction genes were
sent to correlation analysis. Results showed gene NR5A1
and gene DHH were very highly positively correlated, and
gene SOX9 and gene FLVCRI, and gene CYP21A2 and
gen SP1 were highly correlated (Figure 2(b)).

To analyze the differences between the control and test
groups, we obtained 152 DEGs, including 67 upregulated

genes and 85 downregulated genes (Figure 2(c)). A heat
map of these DEGs was plotted, and the two groups of sam-
ples were well differentiated using gene clustering
(Figure 2(d)). Histograms of mitochondrial dysfunction
genes between the test group and the control group were
plotted. Results showed FLVCRI, NR5A1, SOX9, and
UCHLI were significantly different (Figure 2(e)). A PPI net-
work with 9 mitochondrial dysfunction genes from the gene
expression profile was plotted, of which 7 genes were inter-
active (Figure 2(f)).

3.3. Construction of Risk Model. To analyze the effects of
mitochondrial dysfunction genes on IDD patients, we con-
ducted logistic single-factor regression analysis, and identi-
fied 9 mitochondrial dysfunction genes that largely affected
IDD, including 4 significant genes (FLVCR1, NR5AIL,
SOX9, UCHLL1) (Figure 3(a)). The coefficients of the 9 genes
were calculated using LASSO (Figures 3(b)-3(c)). The gene
expression level of each gene was multiplied by the corre-
sponding coeflicient, and then added together, forming a
IDD predicted score. The final predicted score of each sam-
ple was calculated, and plotted on an ROC curve. Results
showed the prediction curve call well predict IDD
(Figure 3(d)).

3.4. Biological Differences between Groups. To explore the
effects of between-group DEGs on the biological functions
of patients, we first annotated the GO functions of DEGs
(Table S1). Results showed these DEGs are mainly
enriched in bioprocesses of extracellular matrix
organization, epithelial cell migration, endodermal cell
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FiGure 4: GO and KEGG enrichment analysis. (a): BP enrichment results, x-axis: -logl0 (p value), y-axis: GO terms, node colors indicate
-log10 (p value), node size indicates the number of genes contained the current GO Term. (b): CC enrichment results. (c): MF enrichment

results. (d): KEGG enrichment results.

differentiation, defense response to symbiont (Figure 4(a)),
cellular components of collagen-containing extracellular
matrix (Figure 4(b)), and molecular functions of collagen
binding, glycosaminoglycan binding, extracellular matrix
structural constituent, heparin binding (Figure 4(c)). These
DEGs were also enriched in KEGG pathways related to
Focal adhesion, PI3K-Akt signaling pathway, Chemical
carcinogenesis - receptor activation, and ECM-receptor
interaction (Figure 4(d), Table S2).

Then all genes between groups were subjected to GSEA
(Table S3). Results showed the following biological
processes were significantly enriched between groups. In
the IDD samples, bioprocesses including response to
oxidative stress, response to virus, acute inflammatory
response, wound healing, and positive regulation of protein
kinase activity were activated, while bioprocesses including
tRNA metabolic process, RNA modification, ribosome
biogenesis, and ribonucleoprotein complex biogenesis were
inhibited (Figures 5(a)-5(b)). Moreover, MAPK signaling
pathway, toll like receptor signaling pathway, and nod like
receptor signaling pathway were activated, but purine

metabolism, DNA replication, and ECM receptor
interaction pathways were inhibited (Figures 5(c)-5(d)).

The results of GSVA were basically consistent with the
GSEA results. Especially, cellular response to hydroperoxide,
copper ion import, positive regulation of platelet activation,
and ipaf inflammasome complex were activated in the dis-
ease samples, while cysteine type exopeptidase activity, and
oxidative DNA demethylation were inhibited (Figure 5(e)).
In the meantime, olfactory transduction, nod like receptor
signaling pathway, and gap junction were activated, but pyr-
uvade metabolism, riboflavin metabolism, and DNA replica-
tion were inhibited (Figure 5(f)).

3.5. WGCNA and PPI Network. To probe into the associa-
tions between DEGs, we first subjected the DEGs to
WGCNA (Figure 6(a)). One coexpression gene module was
identified (Figure 6(b)), from which the gene set with the
highest correlation was picked out and used in subsequent
analysis (Figures 6(d)-6(d)), which returned 136 key genes.

From the PPI network involving the 136 key genes, we
analyzed the effects of the genes on all steps of the life
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FiGure 5: GSEA and GSVA. (a)-(b): GSEA-GO, x-axis: gene ratio, y-axis: GO terms, colors indicate -log10 (p value), node size indicate the
number of genes enriched in GO terms. GO pathways activated (a) and inhibited (b) in the tested group. (c)-(d): GSEA-KEGG, x-axis: gene
ratio, y-axis: KEGG pathway, node size indicates the number of genes enriched in the pathway, node colors indicate -logl10 (p value). KEGG
pathways activated (c) and inhibited (d) in the tested group. (e)-(f): heat map of functional scores in GSVA, x-axis: samples, y-axis:
biological functions, node colors indicate the corresponding function is activated (red) or inhibited (blue). Red: control group, blue: test

group.

process, including biosignal transfer, gene expression regula-
tion, energy and substance metabolism, and cell cycle regu-
lation. Through visualization on Cytoscape (Figure 7(a)),
the network contains 120 interaction pairs and 87 genes.
Specifically, CCND1 is closely connected with 11 DEGs,
and CXCLS is closely associated with 13 DEGs. The func-
tion interactive subnetworks were extracted on CytoHubba
(Figure 7(b)), which included 10 genes. The functional
similarities among the genes on the PPI network were
analyzed (Figure 7(c)). Results showed the genes in PPI
were highly associated in terms of functions. An ROC
curve with the 10 hub genes was plotted, which showed
these genes can well differentiate the two groups of sam-
ples (Figure 7(d)).

3.6. Analysis of Immune Infiltration. CIBESORT
(Figure 8(a)) showed the concentrations of mast cells acti-
vated were significantly the highest in IDD patients. Com-
pared with the control group, the level of T cells CD4
memory resting was the lowest in the patients
(Figure 8(b)). Furthermore, the correlations of mitochon-
drial dysfunction genes or hub genes with immune cell
contents were calculated. Results showed macrophages
MO, and dendritic cells activated were both closely associ-
ated with the expressions of several mitochondrial dys-
function genes (Figure 8(c)). Macrophages M0, NK cells
resting, and mast cells activated were positively correlated
with multiple hug genes, and B cells memory, and T cells
CD8 were negatively correlated with several hub genes
(Figure 8(d)). Moreover, the correlations of immune cell

contents between the control group and the tested group
were computed. Results showed the Mast cells activated
contents in the patients were significantly correlated with
several types of immune cells (Figure 8(e)). In the control
group, the content of T cells CD4 naive was significantly
correlated with several other types of immune cells
(Figure 8(f)).

3.7. Two Mitochondrial Dysfunction Modes Identified Using
Mitochondrial Dysfunction Genes. With ConsensusCluster-
Plus from the R software and based on the 9 mitochondrial
dysfunction genes, the mitochondrial dysfunction modes
were identified using consistency clustering, and two modes
were identified (clusterl, cluster2)(Figure 9(a)). Clusterl
contains 35 samples, and cluster2 involves 5 samples. PCA
showed the two clusters were significantly different
(Figure 9(b)).

The differences of hub genes and mitochondrial dys-
function genes between the two clusters were compared.
Results showed CCND1 and CYPIBI1 were significantly
down-expressed in clusterl, and MMP1 was significantly
up-expressed in cluster2 (Figures 10(a) and 10(c)). In the
meantime, UCHLI expression of clusterl was significantly
lower than that of cluster2, and FLVCRI1 expression of clus-
ter] was higher than that of cluster2 (Figures 10(b) and
10(d)).

3.8. Validation of the Mitochondria Dysfunction Genes. To
validate the identified mitochondria dysfunction genes, we
collected 36 human intervertebral disc tissues RNA
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FIGURE 6: WGCNA. (a): WGCNA of threshold screening. (b): coexpression gene clustering. (c): correlations between gene clusters and
diseased patients; (d): correlation analysis between most significant gene clusters and IDD.

including 12 from patients with degenerated discs of Pfirr-
mann level T or II and 24 from patients with degenerated
discs of Pfirrmann level III to V. QPCR showed either in
nucleus pulposus tissues or in anulus fibrous tissues, the
mRNA levels of NR5A1 were upregulated in both degenera-
tive NP tissues and AF tissues than in control groups. While
the mRNA levels of FLVCRI, SOX9 and UCHLI1 were
downregulated. These results are shown in Figures 11(a)-
11(b). Additionally, the protein level validation results were
consistent with the gene level results. Western blot showed
the relative expression levels of FLVCR1, SOX9 and UCHLI
proteins in both NP cells and AF cells of the degeneration
group were significantly lower than that in the control
group. But that of NR5A1 was higher than in the control
group in fibrous anulus cells while there was no significant
difference between these two groups in pulposus cells
(Figures 11(c)-11(f)).

4. Discussion

Intervertebral disc (IVD) is a complex fibrocartilaginous
tissue that connects adjacent vertebral bodies and main-
tains mechanical loading to enable spinal motion. In a
healthy IVD, the balance between anabolic and catabolic
processes maintains ECM homeostasis. However, aging
and persistent mechanical stress can disrupt IVD metabo-
lism, forcing an imbalance between the expressions of cat-
abolic factors (e.g. pro-inflammatory cytokines and matrix
metalloproteinases) and anabolic mediators (e.g. growth
factors), leading to the loss of ECM homeostasis, destruc-
tion of macromolecules, and the subsequent development
of IDD [38]. IDD plays an important role in spine-
related diseases, and worsens with age. More than 80%
of IDDs exhibit degeneration-related changes in people
over 50 years [39].
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The widely-used treatment strategies for IDD include
physiotherapy, drug therapy and surgery. However, these
approaches have limited effects to reverse the IDD progres-
sion with current treatments. Therefore, it is necessary to
fully understand the etiology of IDD. The important biopro-
cesses are related to immune response, innate immune
response, cell division, mitochondrial homeostasis and cell
proliferation. More studies have proved that mitochondrial
dysfunction is pivotal in accelerating IDD. Mitochondria, a
double-layer organelle in eukaryotic cells, is mainly involved
in tricarboxylic acid cycle (TCA) and provides the body with
adenosine-triphosphate enzyme (ATP). ATP is the most
important energy source of cells, but mitochondria, while
providing ATP, also produce ROS that cause oxidized stress
response [40]. Along with cell aging, mitochondrial DNA
injuries will induce mitochondrial dysfunction, destroying
the redox balance, so ROS aggravate cell injuries, forming
a vicious circle ‘cell aging - mitochondrial dysfunction —
ROS maladjustment accelerated cell aging’. In contrast,
mitochondrial respiratory uncoupling reduces the produc-
tion of H,O,, thereby delaying the replicative senescence of

cells. Reportedly, the expression levels of mitochondrial
function genes (including substrate dehydrogenase, cyto-
chrome and substrate vectors) are significantly changed in
aged intervertebral disc tissues.

The function of mitochondria depends on their morpho-
logical structure, and abnormal changes in the morphologi-
cal structure can lead to mitochondrial dysfunction. The
dynamic balance between mitochondrial fusion and division
is one major link in maintaining cell homeostasis, and the
destruction of this balance can cause a series of diseases
[41, 42]. Mitochondrial homeostasis requires mitofusion
and optic atrophy-associated protein 1 (OPA1) regulation
[42, 43]. When mitochondria divide, the outer mitochon-
drial membrane molecule Fisl recruits dynamin-related pro-
tein 1 (DRPI), a mitochondrial division regulator,
translocating it to the outer mitochondrial membrane and
enriching it at the site of division [43, 44]. OPA1 and mito-
chondrial fusion occur when disc tissue is subjected to exces-
sive mechanical loading. Down-regulation of proteins leads
to mitochondrial fusion disorders, resulting in NP cell dam-
age [44]. When intervertebral disc cells are under hypoxia,
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FIGURE 8: Immune infiltration analysis. (a): Accumulative immune cell concentrations in the test group and control group. Colors indicate
immune cells. x-axis: id of patients. (b): histograms of immune cell concentrations; x-axis: immune cells; y-axis: cell concentration; red: IDD
samples; blue: control samples. (c): correlations between mitochondrial dysfunction genes and immune cells; x-axis: immune cells, y-axis:
mitochondrial dysfunction genes. Node colors indicate the magnitude of correlation, node sizes indicate the significance level. (d):
correlations between hub genes and immune cells; x-axis: immune cells, y-axis: hub genes. Node colors indicate the magnitude of
correlation, node sizes indicate the significance level. (e)-(f): correlations of immune cell concentrations in the test group (e) and control

group (f); red: negative correlation, blue: positive correlation.

DRP1 migrates from the cytoplasm to mitochondria, aggra-
vating mitochondrial dysfunction [8]. Therefore, an inter-
vention targeting DRP1 is one of the feasible strategies to
prevent IDD. Inhibition of DRP1 by siRNA or mitochon-
drial division inhibitor 1 (Mdivi-1) can prevent programmed
necrosis in NP cells or AF cells exposed to excessive pressure
[45, 46].

ROS are involved in signal transduction and metabolism
of intervertebral disc cells to regulate death and senescence.
Under physiological conditions, the production and clear-
ance of intracellular ROS are under dynamic balance [47].
When the balance is broken, ROS levels in cells will exceed
physiological thresholds, subjecting the cells to a state of oxi-
dative stress dysfunction and excessive mitochondrial ROS
level in intervertebral discs [48-53]. Mitochondrial DNA
(mtDNA) and oxidative damage of respiratory enzymes lead
to mitochondrial dysfunction, forming a vicious cycle [54].

In intervertebral disc tissues, ROS overproduction can lead
to loss of proteoglycan collagen and accelerate IDD progres-
sion [55]. H,O, significantly increases lysosomal membrane
permeability in rat NP cells, leading to ROS overproduction
and apoptosis [56]. Excessive increase in ROS in the inter-
vertebral disk can cause oxidative damage to disk cells, lead-
ing to activation of NLRP3 inflammatory vesicles and
increased interleukin (IL)1 release, exacerbating the inflam-
matory response. In the IL-1f inflammatory environment,
ROS expression is elevated in NP cells, and ROS activates
p53/P21 and P16/xb pathways to accelerate intervertebral
disc cell senescence [57].

The emergence of bioinformatics methods has acceler-
ated the research progress on the mechanisms of human dis-
eases. In our study, comparative analyses of mitochondria
dysfunction DEGs between normal individuals and IDD
patients were performed. We integrated two databases
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GSE7036 and GSE124272, which contained tissue and blood
sequencing data. The analysis of immune infiltration showed
that compared with the control group, the concentrations of
mast cells activated were significantly the highest in IDD
patients. Previous studies have shown that mast cells might
play a key role in the repair of the injured anulus fibrosus
and subsequent disc degeneration [58]. GSEA analysis indi-
cated that the biological process of response to oxidative
stress is activated in degeneration samples. In addition,
GSVA analysis obtained a similar result: cellular response
to hydroperoxide was overactivated in patient samples.
These results further confirmed the role of oxidative stress
response caused by mitochondrial dysfunction in the pro-
gression of IDD. Further analysis showed that 152 DEGs
were obtained between degeneration group and control
group, including 67 upregulated genes and 85 downregu-
lated genes. Four mitochondrial dysfunction genes
(FLVCRI, SOX9, UCHLI1, NR5A1) were identified and val-
idated at the gene and protein levels. After an extensive liter-
ature review of these 4 genes, we found no report about the
associations of three genes with IDD (SOX9 was proved to
be associated with IDD). Hence, our findings may be a
new clue for the diagnosis and treatment of IDD.
Reportedly, mitochondrial injuries during cartilage
degeneration will induce abnormal expressions in SOX9
and its downstream genes. We found in either IDD tissues
or peripheral blood, the SOX9 gene expressions were signif-
icantly different between the degeneration group and the
control group, and the SOX9 expression gradually decreased
with the aggravation of degeneration. SOX9 was first noted
in skeletogenic mesenchymal progenitors for its role in fate
determination and differentiation within the chondrocyte
lineage [59]. SOX9 efficiently binds to single or double

HMG-box site(s) in DNA and thereby transactivates its tar-
get genes such as Col2al and aggrecan (Acan), which have
stage-specific features for intervertebral disc cartilage devel-
opment [60, 61].

Inactivation of Sox9 during early stages of chondrogene-
sis in Col2Cre-expressing chondrocytes showed that cells
cannot express SOX9 targets, including Col2al and Acan
[62]. Observations in the notochord during axial skeletogen-
esis complement the findings in chondrocytic cells. Sox9
deletion prevents matrix-rich notochordal sheath formation
and results in notochordal cell death [63]. It is suggested that
SOX9 regulates cell survival and differentiation in the inner
AF during disc development [64]. These studies affirmed
that SOX9 is critical in cartilage formation and vertebral col-
umn development [65]. Moreover, Sox9 deletion in Acan-
expressing cells of adult mice results in proteoglycan loss,
disc compression, and downregulation of various ECM-
related genes [66]. A recent study from Maria demonstrated
that SOX9 mutant mice experience early-onset, progressive
disc degeneration characterized by increased cell death,
alterations in ECM organization, and distinct transcriptomic
changes in the NP and AF compartments.

Feline leukemia virus subgroup C receptor-1 (FLVCR1),
a member of the SLC49 family of 4 paralogous genes, is a cell
surface heme exporter essential for erythropoiesis and sys-
temic iron homeostasis. It encodes two heme exporters:
FLVCRI1a [67], which localizes to the plasma membrane,
and FLVCR1b, which localizes to mitochondria [68]. Upon
the occurrence of mitochondrial dysfunction, FLVCRI1b
abnormality will lead to the accumulation of free heme, high
levels of Hb and heme can be used to mark neovasculogen-
esis in herniated nucleus pulposus, which further promotes
nucleus pulposus degeneration through heme iron-
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FiGurek 10: Differences of hub genes between two groups of IDD patients. (a)/(c): heatmaps and histograms of hub-related gene expressions
in clusterl and cluster2; (c): x-axis: hub genes; y-axis: gene expression level; red: clusterl, blue: cluster2. (b)/(d): heatmaps and histograms of

mitochondrial dysfunction gene expressions in clusterl and cluster2; (d): x-axis: mitochondria dysfunction genes; y-axis: gene expression
level; red: clusterl, blue: cluster2. P <0.05: significance.

dependent cell death. This finding is consistent with our val-
idation results at the gene and protein levels. When IDD

occurs, the FLVCRI expression is low in both NP cells and
AF cells.

NR5A1, also known as steroidogenic factor-1 (SF-1) or
adrenal 4-binding protein (Ad4BP), was initially identified
as a steroidogenic cell-specific transcription factor that regu-
lates the transcription of steroidogenic genes. Recent
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Ficurek 11: Validation of differential genes of mitochondrial dysfunction between normal intervertebral disc tissues and IDD tissues. (a)/(c):
qPCR and WB results of normal intervertebral disc tissues and IDD nucleus pulposus tissues. (b)/(d): gPCR and WB results of normal
intervertebral disc tissues and IDD anulus fibrous tissues. (e)—(f): quantitative analysis of protein expression (relative to GAPDH)=

p<0.05; #%p <0.01.

research proves NR5AI can regulate nearly all glycolytic
genes to adjust the nutrition metabolism of tissues. When
normal IDD tissues are under a low oxygen condition, the
physiologically hypoxic intervertebral disc rely on the
hypoxia-inducible factor (HIF) family of transcription fac-
tors to mediate cellular responses to changes in oxygen ten-
sion. Mechanistically, HIF1 is the master regulator of
glycolytic metabolism and cytosolic lactate levels. In addi-
tion, HIF1 regulates mitochondrial metabolism by promot-
ing flux through the tricarboxylic acid cycle, inhibiting
downsteam oxidative phosphorylation and controlling
mitochondrial health through modulation of the mitopha-
gic pathway [69]. The destruction to the low-oxygen con-
dition of IDD will damage tricarboxylic acid cycle, so the
energy metabolism is destroyed in cells. NR5AIL, one of
the important genes of glycolysis regulation and control,
is significantly upregulated to correct energy metabolic dis-
orders and maintain the normal energy metabolism in the
intervertebral disc. Our bioinformatic analysis also vali-
dated this view that NR5A1 expression is significantly
higher in IDD tissues.

Ubiquitin C-terminal hydrolase L1 (UCHL1) is a deu-
biquitinating enzyme that was originally found in neurons.
UCHL1 was first studied in Alzheimer’s disease (AD).
UCHLI protein expression decreased in the cerebral cortex
of AD patients [70]. Our study confirmed that UCHLI
expression in IDD tissues decreases, which may be related
to the regulating role of UCHLI in mitochondria. Previous
studies show that when UCHLI is specifically knocked out,
the key proteins involved in mitochondrial oxidative phos-
phorylation are significantly reduced, suggesting that
UCHL1 may be involved in regulation of mitochondrial
content and function [71]. When dUCH (a homolog of
human UCHLI) was specifically knocked down in motor
neurons, the motor neuron cells exhibited aberrant mor-
phology and function of mitochondria, such as mtDNA
depletion, an increase in mitochondrial size, and overexpres-
sion of antioxidant enzymes [72].

There were several limitations of our study. Firstly, only
few RNA-sequencing datasets of IDD are available on the
GEO database. Clinical data such as disease phenotype and
radiological data are unavailable from published studies
and public databases. Secondly, all of these analyses were
obtained by data mining based on a series of bioinformatic
algorithms, and we did not provide the original sequencing
data with the clinical samples, so we cannot evaluate the
quality of the sequencing samples, such as the actual degrees
of IDD. Thirdly, the exact molecular mechanisms of candi-
date mitochondrial dysfunction related genes in IDD need
to be further investigated using in-depth in vitro and
in vivo scientific experiments. Finally, the nature of retro-
spective research limits the clinical value of this work, indi-
cating multicentre or prospective studies are imperative to
elucidate the relationship between mitochondrial dysfunc-
tion and IDD.

5. Conclusions

In this study, we used bioinformatics methods to compare
tissue and peripheral blood RNA-seq data between IDD
and control groups. We have successfully constructed a risk
model which can call well predict IDD and have elaborated
on the different groups of immune infiltrates and identified
two modes of mitochondrial dysfunction. In addition, we
identified four genes, verified the reliability by molecular
biology experiment, associated with mitochondrial dysfunc-
tion. These findings may provide a new perspective for the
diagnosis and treatment of IDD.
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Intervertebral disc degeneration (IDD) development is regulated by miRNA, including inflammatory reactions, cell apoptosis, and
degradation of extracellular matrix. Nucleus pulposus cells apoptosis has a absolute influence in the development of IDD. This
experiment explores the mechanism of miR-328-5p regulating IDD. Through the analysis of miRNA and mRNA microarray
database, we screened the target genes miR-328-5p and WWP2. We verified the expression of miR-328-5p, WWP2, and
related apoptotic genes in normal and degenerative nucleus pulposus tissues by qRT-PCR. The expressions of WWP2, Bcl-2,
and Bax were detected by qRT-PCR and western blot after transfection to nucleus pulposus cell. The nucleus pulposus cell
proliferation and apoptosis after transfection were confirmed by CCK8 and flow cytometry. Luciferase reporter assay and
bioinformatics analyzed the targeting relationship between miR-328-5p and WWP2. Firstly, the qRT-PCR experiments
confirmed the significant increase of miR-328-5p expression, while significant reduction of WWP2 in a degenerative tissues
compared to the normal tissues. Surprisingly, miR-328-5p expression was positively, while that of WWP2 negatively correlated
with the degeneration grade of IDD. And we also identified the high expression of Bax and Caspase3, while low expression of
Bcl-2 in a degenerative tissues. After miR-328-5p mimic transfected into nucleus pulposus cell, qRT-PCR and western blot
confirmed that WWP2 and Bcl-2 expressions were downregulated, while Bax and Caspase3 expressions were upregulated, and
the same results were obtained by knocking down WWP2. CCK8 and flow cytometry confirmed that miR-328-5p inhibited the
proliferation and induced apoptosis of nucleus pulposus cells. WWP2 is a target gene of miR-328-5p by bioinformatics and
luciferase reporter assay. In summary, miR-328-5p targets WWP2 to regulate nucleus pulposus cells apoptosis and then
participates in the development of IDD. Furthermore, this study may provide new references and ideas for IDD treatment.

1. Introduction

With the increasing incidence of low back pain (LBP), it has
become the most important trigger to disability worldwide,
which has brought a tremendous economic pressure [1-3].
The cause of LBP is very complex. And some known factors
affect the advancement of LBP include genes, age, and lousy
living habits (such as occupation, smoking, trauma, and
mechanical loading) [4, 5]. Furthermore, it is believed that
the main cause of LBP is IDD [6-8]. As a bridge between
adjacent vertebral bodies, intervertebral disc includes the

nucleus pulposus (NP), annulus fibrosus, and the cartilagi-
nous endplate [9]. The most important pathological feature
of IDD is the apoptosis of nucleus pulposus cells [10-13].
The apoptosis of nucleus pulposus cells triggers the progress
of IDD [14-16], and this affects clearly the disc structure
balance. Some studies suggested that abnormal apoptosis is
associated with degenerative diseases such as osteoarthritis,
IDD, and cancer [17-19].

However, the current treatment for IDD is limited to
symptomatic intervention and cannot completely improve
the prognosis of the disease [20]. Many studies confirmed
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Variable Normal (n =10) IDD (n=10) P value
Age (years) 38.5+3.5 41.6+4.8 0.136"
BMI (kg/m?) 232+1.0 235409 0.586°
Sex, n (%)
(i) Female 4 (40) 3 (30) 0.639"
(ii) Male 6 (60) 7 (70)
Student’s ¢-test. ®Two-sided x2-test. Data are presented as the mean + SD or count (%).
> = B
_ 4- o — 1
2 -
R = 0
S = o
S 2- £ —— |
& i — )
- - — __ |
1- : s %:’ & 2 N AN~ O 9 0 N O 1N
N M N o O A4 A A AaaqQ
- L S O O ©O O O © o o o
o SRR hBhmionin o d o
0- el Rt Rt Rt i At
50 25 0 2 RN
L CRGECECECERGECECEORG
ogFC
Significant
Down
e No
° UP

()

(b)

FIGURE 1: The screening of miRNAs expressions in normal and degenerative nucleus pulposus tissues. (a) a volcano plot demonstrates the
upregulation and downregulation of different miRNAs expression by |logFC| > 1, |P.V value| < 0.05 as selection criteria. (b) heatmap for
hierarchical clustering of selected miRNA expression in the tissue sample.

that some regulatory genes have an essential impact in the
incidence and development of IDD, such as microRNA
(miRNA). The miRNA are single-stranded noncoding small
RNA with 18 to 24 bp nucleotide sequences, which partici-
pates in regulating the cell proliferation and apoptosis
[21-25]. And miRNA can negatively regulate the posttran-
scriptional gene expression in different species by either
inhibiting mRNA translation or promoting mRNA degrada-
tion [25, 26]. Previous studies have also found that miRNA
affects the progress of IDD by facilitating inflammatory
response, cell apoptosis, and degradation of extracellular
matrix [27]. Furthermore, miRNA has contributed to cardio-
vascular disease, cancer, leukemia, and skeletal muscle diseases
[28]. Therefore, further research on the mechanism of miRNA
regulation of IDD may lead to new therapeutic directions.
Some studies have found miR-328-5p is atypically
expressed in lung cancer, breast cancer, and other tumors.
In addition, the researcher indicated miR-328-5p was related
with the proliferation and apoptosis of cancer cells [29-32].
Furthermore, studies have shown dissimilarity expression of
WWP2 in various diseases such as oral cancer, endometrial
cancer, ovarian cancer, glioma, and lung cancer by regulat-
ing cell apoptosis [33-38]. Both miR-328-5p and its target

gene WWP2 can affect cell proliferation and apoptosis, and
the mechanism of miR-328-5p mediating WWP2 regulating
IDD has not been reported. This series of studies aims to
research the mechanism of the above regulatory pathways
and whether they are involved in the formation of IDD by
inducing nucleus pulposus cell apoptosis.

2. Materials and Methods

2.1. Clinical Sample Collection. We obtained 20 human NP
samples via surgical discectomy. Surgical indications: (1)
failure of conservative treatment and (2) progressive neuro-
logical deficits. Patients were excluded with isthmus or
degenerative spondylolisthesis, ankylosing spondylitis, and
diffuse idiopathic hyperostosis. According to T2-weighted
midsagittal pfirrmann disc degeneration grading criteria
[39].Grade I-II are normal intervertebral discs, and grade
III-V are degenerative intervertebral discs. Table 1 presents
the clinical features of patient.

2.2. Isolation and Culture of NP Cells. The NP tissue was
separated from the intervertebral disc, made into 2-3 mm?’
sections under the microscope in aseptic conditions, and
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FIGURE 2: Assessment of different mRNAs expressions in normal and degenerative nucleus pulposus tissues. (a) a volcano plot of mRNAs
expression by [logFC| > 1, |P.V value| < 0.05 as selection criteria. (b) heatmap for hierarchical clustering of selected mRNA expression.
(c and d) GO, and KEGG functional annotations were performed on the differentially screened mRNAs, respectively. The bar chart
represented GO enrichment analysis, while the bubble chart represented KEGG enrichment analysis.
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washed three times with PBS. Then prepared tissues were
digested with 0.25mg/mL type II collagenase (Invitrogen;
Thermo Fisher Scientific) at 37°C for 12h in Dulbecco’s
Modified Eagle Medium (GIBCO, NY, USA). Then NP
cells isolated from NP tissues by trypsin were placed in
DMEM/F12 incubated at 37°C with 5% CO,. The second
generation of cells was chosen for the following
experiment.

2.3. Transfection of NP Cells. The miR-328-5p mimic/inhib-
itor, mimi/inhibitor control, WWP2 siRNA, and siRNA
control were derived from Sangon (Shanghai, China). In
our study, miR-328-5p mimic/inhibitor promote/inhibit
the expression of miR-328-5p, and mimic/inhibitor control
were used as control groups, respectively. WWP2 siRNA
inhibits WWP2 expression in the NP cells. According to
the reagent instructions, RNA transmate was used to trans-
fect the NP cells (Sangon, Shanghai, China). The cells were
collected 48 hours later for subsequent experiments.

2.4. qRT-PCR. General RNA was obtained from NP tissue or
cultured NP cells using TRIZON (TianGen, Beijing, China)
according to reagent instructions. We quantified miRNA
and mRNA expression levels in NP tissues or cells by Light-
Cycler 480 II (Roche Diagnostics, Indianapolis, USA). The
PCR reaction system of 20ul contained 10ul Universal
SYBR Green Fast qPCR Mix, 2ul ¢cDNA, 0.8ul primers,
and 7.2ul nuclease-free water. The reaction conditions:
95°C for 15min, 40 cycles for 10s at 95°C, and 60°C for
20s. The experiment was performed three times. Experiment
is based on U6 and f-actin [40]. Gene expression was mea-
sured using the 2742, Primers are as follows: miR-328-5p
forward: AACGAGACGACGACAGAGC, reverse: GGGG
GGGCAGGAGGGGCTCAGGG; WWP2 forward: GAGA
TGGACAACGAGAAG, reverse: CTCCTCAATGGCATAC
AG; Bcl-2 forward: CAGCTGCACCTGACGCCCIT,
reverse: GCCTCCGTTATCCTGGATCC; Bax forward:
CCCGAGAGGTCTTTTTCCGAG, reverse: CCAGCCCAT
GATGGTTCTGAT; Caspase3 forward: ATGGTTTGAGC
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and WWP2 expression.”P < 0.05, **P < 0.01.

CTGAGCAGA, reverse: GGCAGCATCATCCACACATAG;
U6 forward: CTCGCTTCGGCAGCACA, reverse: AACGCT
TCACGAATTTGCGT; B-actin forward: AGGGGCCGGAC
TCGTCATACT, reverse: GGCGGCACCACCATGTACCCT.

2.5. Western Blot. The protein was obtained with RIPA and
BCA (Beyotime, Shanghai, China) measures protein concen-
tration. The NC membrane was blocked with 5% skimmed
milk at room temperature for 2h, then washed three times
with TBST and added overnight to primary antibody at 4°C.
The primary antibodies: anti-WWP2 antibody (Proteintech,

Wuhan, China), anti-Bax antibody (Cell Signaling, Danvers,
MA, USA), anti-Bcl-2 antibody (Cell Signaling, MA, USA),
anti-Caspase3 antibody (Cell Signaling, MA, USA), and anti-
beta-actin antibody (Proteintech, Wuhan, China). After pri-
mary antibody incubation, the NC film was washed three
times with TBST and addted to goat anti-rabbit or mouse anti-
body (Vicmed, Xuzhou, China) for 2 h at room temperature in
the dark. Beta actin was selected as the internal control [40].

2.6. CCK8. The cultured NP cells were transferred on 96-well
plates by 2x10* cells/well, and added with miR-328-5p
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normal nucleus pulposus tissues, 7 = 10.

mimic/inhibitor, and miR-control. Subsequent to the
incubation, the cell culture medium was changed at
Oh, 12h, 24h, and 36h of each well. 10ul CCKS8
reagent and 90 ul DMEM were added into every well
and incubated for another 2h at 37°C by the CCKS8
kit (Vicmed, Xuzhou, China). The optical density was
measured at 450nm, and the experiment was repeated
three times for each group.

2.7. Flow Cytometry. The detection of NP apoptosis was car-
ried out by the flow cytometry instructions (KeyGEN, Nan-
jing, China). First, the transfected NP cells were separated in
0.25% trypsin (without EDTA) (Vicmed, Xuzhou, China).
After rinsing the cells twice with PBS, 1 x 10° cells were col-
lected by centrifugation for 5min at 2000 rpm. It is essential
to rinse off as much residual trypsin digestive fluid as
possible. After suspension of 500ul binding buffer, each
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FIGURE 6: MiR-328-5p regulates WWP2 expression and promotes apoptosis of NP cells. (a) miR-328-5p gene expression. (b) WWP2 gene
expression. (c) Bcl-2, Bax and Caspase3 gene expression. (d and e) WWP2 protein expression. (d and f) Bcl-2, Bax and Caspase3 protein
expression. (g) NP cells proliferation. (h) NP cells apoptosis. *P < 0.05, **P < 0.01, #s% P <0.001.

centrifugation tube was added 5ul Annexinv-APC and 5ul
PI. The samples were thoroughly mixed, and the reaction
was carried out at room temperature in the dark for 5-
15min. Finally, flow cytometry was used for observation
and detection. Three experiments are required.

2.8. Luciferase Reporter Assay. In order to construct wild or
mutant-type expression vectors, the WWP2 3'-UTR binding
to miR-328-5p was inserted into the GV272 vector. Then,
NP cells were added with wild type (Wt) or mutant type
(Mut) WWP2 3'-UTR reporter plasmid and miR-328-5p
mimic. Luciferase enzyme activity was detected according
to Promega (Madison, WI, USA) reagent instructions after
transfection 48h. The luciferase enzyme activity was nor-
malized to renilla luciferase activity. And western blot was
used to detect WWP2 protein expression. The experiment
was performed three times.

2.9. Statistical Analysis. Statistical was analyzed by the SPSS
26 (SPSS, Chicago, USA). GraphPad Prism 8.4 (GraphPad
Software, CA, USA) was used for graphical representation.
Mean + SD was used to analyze the experimental data. ¢
-test or one-way ANOVA was used for inter-group data
analysis. Pearson’s test was used for correlation analysis. P
< 0.05 indicates statistical difference.

2.10. Ethics Statement. The Ethics Committee of Huai’an
Affiliated Hospital of Xuzhou Medical University approved
this study. Human NP tissue samples were obtained from
patients who underwent surgery in Huai’an Affiliated
Hospital of Xuzhou Medical University from September
2020 to April 2021. Meanwhile, the patients’ written consent
was informed, and the tissue samples were obtained during
the operation.

3. Results

3.1. Assessment of Differentially Expressed miRNAs. A
volcanic map of the dataset (GSE63492) showed that some
miRNAs are differentially expressed between normal and
degenerated nucleus pulposus tissues among the 31 miRNAs,

hsa-miR-328-5p, and hsa-miR-183-3p expression were upreg-
ulated. And 21 miRNAs expression, including miR-486-5p,
hsa-miR-486-5p were downregulated (Figure 1(a)). Heatmap
figure shows that individual miRNA expressions differed sig-
nificantly (Figure 1(b)).

3.2. Assessment of Differentially Expressed mRNAs. The vol-
cano map analysis database (GSE34095) obtained a pairwise
comparison of mRNA expression between normal and
degenerative nucleus pulpous tissues. The experiment iden-
tified 348 differentially expressed upregulated genes such as
TGFBI and PDGFC, while 260 downregulated genes such
as WWP2 and MPST (Figure 2(a)). Further, the stratified
clustering analysis of intervertebral disc dataset using heat-
map revealed differences in the expression of some genes
(Figure 2(b)). GO including molecular function, cellular
component, and biological process, and KEGG enrichment
analysis was performed for differentially expressed mRNA
using R language (Figures 2(c) and 2(d)).

3.3. Interactions between miRNA and mRNA. In order to
analyse the relationship between mRNAs and miRNA, we
go through miRTarBase (https://www.mirbase.org), Tar-
getScan (http://www.targetscan.org/), and miRDB (http://
mirdb.org/index.html) database to predict the miRNA target
gene. The intersection of threedatasets was obtained by the
Venn diagram representing 35 miRNAs and their down-
stream 699 target gene mRNAs (Figure 3(a)). And 27 differ-
ent mRNAs containing WWP2 were obtained by predicting
intersection mRNAs via Venn diagram (Figure 3(b)). Fur-
thermore, cytoscape analyzed the network diagram of 27 dif-
ferential mMRNAs and their upstream miRNAs (Figure 3(c)).

3.4. Correlation and Modulation of miR-328-5p and WWP2
Expression. Cytoscape was performed to visualize the net-
work diagram between miR-328-5p and its downstream
genes (Figure 4(a)). Further, we confirmed the correlation
between the miR-328-5p and its target genes by gene chip
data and analyzed it using Pearson correlation analysis
(Figures 4(b), 4(c), and 4(d). The microarray data expression
of miR-328-5p and WWP2 genes were statistically
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FIGURE 7: MiR-328-5p promotes the apoptosis of NP cells by directly targeting WWP2. (a) The cotransfection of WWP2 3'-UTR with
miR-328-5p mimic. (b) Represent the corresponding sequence of Wt or Mut WWP2 3'-UTR plasmid and miR-328-5p. (c and d) WWP2
protein expression after the cotransfection. (e and f) WWP2, Bcl-2, Bax, and Caspase3 gene expression. (g, h, and i) WWP2, Bcl-2, Bax,

and Caspase3 protein expression. *P < 0.05, **P < 0.01, % P < 0.001.

significant (Figures 4(e) and 4(f)). The most important path-
ological feature of IDD is the apoptosis of nucleus pulposus
cells [10-13]. Bioinformatics analysis shows that WWP2 is a
downstream target gene of miR-328-5p. The conditions of
target genes we selected were as follows: high connectivity
of network diagram, negative correlation between miRNA
and its downstream target mRNA, regulate cell apoptosis,
and at the same time, relevant literature was reviewed to
understand the function of miRNA and mRNA, so we
selected miR-328-5p-WWP2 pathway as our research object.
We hypothesize that miR-328-5p regulates IDD develop-
ment by mediating WWP2.

3.5. Differentially Expressed of Relevant miRNA and mRNA
in Degenerative and Normal Nucleus Pulposus Tissues.
Experiment confirmed that miR-328-5p gene expression
was upregulated (P < 0.01, Figure 5(a)). Spearman’s correla-
tion found that miR-328-5p expression was positively corre-
lated with IDD grade (P=0.889,P <0.001, Figure 5(b)).
WWP2 expression was downregulated (P < 0.05, Figure 5(c)),
and the Spearman’s correlation of WWP2 expression was neg-
atively correlated with IDD grade (P =-0.929, Figure 5(d)).
Pearson’s correlation between miR-328-5p and WWP2 gene
expression was significantly negative (R=-0.92, P <0.001,
Figure 5(e)). Bax and Caspase3 expression was significantly
increased in the degenerative nucleus pulposus tissues, while
Bcl-2 was decreased (P < 0.05, Figure 5(f)).

3.6. MiR-328-5p Regulates WWP2 Expression and Promotes
Apoptosis of NP Cells. MiR-328-5p mimic induced miR-
328-5p, Bax and Caspase3 gene expression obviously, while
WWP2 and Bcl-2 was downregulated compared to the
control group (Figures 6(a), 6(b), and 6(c)). miR-328-5p
mimic significantly inhibited the protein expression of
WWP2, Bcl-2 and promoted Bax and Caspase3 expression,
while the miR-328-5p inhibitor obtained the opposite result
(Figures 6(d), 6(e), and 6(f)). CCK8 assay confirmed that

miR-328-5p mimic ignificantly inhibited the proliferation
of NP cells (Figure 6(g)). Flow cytometry identified that
the apoptosis of NP cells increased obviously after the addi-
tion of miR-328-5p mimic (Figure 6(h)). In conclusion, the
above experimental results suggest that miR-328-5p can
induce NP cells apoptosis.

3.7. MiR-328-5p Promotes the Apoptosis of NP Cells by
Directly Targeting WWP2. The luciferase activities were
decreased after the cotransfection of wild type (Wt)
WWP2 3'-UTR reporter plasmid and miR-328-5p mimic
into NP cells (Figure 7(a)). The corresponding sequence of
WWP2 3'-UTR plasmids Wt or Mut and miR-328-5p was
enumerated (Figure 7(b)). WWP2 protein expression was
downregulated after cotransfecting Wt and miR-328-5p
mimic (Figures 7(c) and 7(d)). These results indicated that
miR-328-5p directly regulates WWP2. And miR-328-5p
inhibitor significantly upregulated WWP2 and Bcl-2 gene
expression, while Bax and Caspase3 was downregulated
compared to the control group (Figures 7(e) and 7(f)).
And WWP2 and Bcl-2 protein expressions were upregulated,
while Bax and Caspase3 expressions were downregulated
posttransfection of miR-328-5p inhibitor (Figures 7(g)-7(i)).
Transfection of the WWP2 siRNA into the miR-328-5p inhib-
itor group reversed these effects (Figures 7(g)-7(i)). In conclu-
sion, these results confirm that miR-328-5p promotes the
apoptosis of NP cells by directly targeting WWP2.

4. Discussion

Studies found that miRNA is mainly involved in IDD by reg-
ulating cell apoptosis and proliferation [41-44], inflamma-
tory reaction [45-47], and extracellular matrix component
degradation [48-51]. Some studies have found miR-328-5p
regulated the proliferation and apoptosis of cancer cells
[29-32]. Cao et al. found that silencing miR-328-5p signifi-
cantly inhibited the proliferation of non-small cell lung
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cancer [29], and IncRNA RP5-916L7.2 inhibited miR-328-
5p expression and promoted the apoptosis of tongue squa-
mous cell carcinoma cells [30]. Luo et al. speculated that
miR-328-5p was a tumor suppressor, and they confirmed
that miR-328-5p mimic decreased obviously the prolifera-
tion and cell cycle of breast cancer cells, and promoted
apoptosis [31]. Overexpression of LINC00210 significantly
decreased miR-328-5p expression and increased the prolifer-
ation and migration of non-small cell lung cancer cells [32].
As we know, WWP2 is essential for maintaining a stable cell
cycle, though silencing of WWP2 reduces the rate of prolif-
eration, and WWP2 regulates various cellular processes such
as protein degradation, membrane protein endocytosis, apo-
ptosis, and gene transcription. [52]. WWP2 accelerates the
cell cycle and promotes tumor formation [34]. Downregula-
tion of WWP2 decreased obviously lung adenocarcinoma
proliferation [37]. Xu et al. found that WWP2 siRNA inhib-
ited Bcl-2 expression by promoting Bax and Caspase7/8 to
induce apoptosis of liver cancer cells [53]. Even more, over-
expression of WWP2 could inhibit the apoptosis of human
renal tubular epithelial cells by inducing Bcl-2 expressionand
and inhibiting Bax expression [40]. However, the regulatory
mechanism of miR-328-5p and its target gene WWP2 in
IDD has not been reported.

In the study, through the analysis of miRNA and mRNA
microarray database, we screened the target genes miR-328-
5p and WWP2. The high expression of miR-328-5p, while
low expression of WWP2 in a degenerative tissues by qRT-
PCR. Surprisingly, the expression of miR-328-5p was posi-
tively correlated, while that of WWP2 negatively correlated
with the degeneration grade of IDD. And we also identified
that Bax and Caspase3 expression were upregulated, while
Bcl-2 expression is downregulated. After miR-328-5p mimic
transfected into nucleus pulposus cell, we found that the
expressions of WWP2 and Bcl-2 were downregulated, while
the expressions of Bax and Caspase3 were upregulated, and
the same results were obtained by knocking down WWP2.,
and WWP2 siRNA could significantly reverse the effect of
miR-328-5p inhibitor. MiR-328-5p mimic significantly
inhibited the proliferation of nucleus pulposus cells com-
pared with the control group by CCK8 assay. We also
confirmed that miR-328-5p mimic increaed obviously the
apoptosis of nucleus pulposus cells. WWP2 was identified
as the direct target gene of miR-328-5p by bioinformatics.
Compared with WWP2 Mut group, the luciferase activity
of nucleus pulposus cells in WWP2 Wt group was signifi-
cantly decreased, and WWP2 protein expression was also
significantly downregulated.

In conclusion, these results strengthen our hypothesis
that miR-328-5p regulated the prevalence and development
of IDD by targeting WWP2. These results also indicate that
miR-328-5p plays an essential role in regulating the prolifer-
ation and apoptosis of nucleus pulposus cells.

5. Conclusion

In conclusion, our results suggest that miR-328-5p is
involved in the development of IDD by targeting WWP2
to induce the proliferation and apoptosis of nucleus pulpo-
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sus cells. Furthermore, this study may provide a new refer-
ence for the diagnosis and treatment of IDD.
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Background. Both inflammatory factors and immune response play important roles in the pathogenesis of intervertebral disc
degeneration (IDD). However, a comprehensive analysis of interaction between inflammatory response-associated genes (IRGs)
and immune microenvironment in patients with IDD remains lacking. Hence, the current research is aimed at investigating
the correlations between IRG signatures and immune cells in the progression of IDD. Methods. The expression profiles
(GSE27494 and GSE41883) and IRGs were downloaded from the Gene Expression Omnibus (GEO) database and Molecular
Signature Database (MSigDB), respectively. Weighted gene coexpression network analysis (WGCNA) and differential
expression analysis were used to identify the pivotal modules and common differentially expressed genes (DEGs) associated
with IDD. Subsequently, we retrieved differentially expressed IRGs (DE-IRGs) by intersecting IRGs and DEGs for enrichment
analysis. Next, LASSO regression analyses were performed to screen optimal marker genes for IDD prediction. Additionally,
we validated differences DE-IRGs between IDD patients and controls in GSE150408. Finally, the infiltration alteration of
immune cells was evaluated by the CIBERSORT, and the correlation between diagnostic markers and infiltrating immune cells
was analyzed. Results. A total of 10 upregulated differentially expressed inflammatory genes were identified that were obviously
related to progression of IDD. Functional analysis results revealed that DE-IRGs were mainly enriched in signaling pathways
TNF, IL-17, NOD-like receptor, and NF-kappa B pathway. A five-gene signature that consisted of IL-1f3, LIF, LYN, NAMPT,
and SLC7A2 was constructed by the LASSO Cox regression. IL1B, LYN, and NAMPT were further validated as optimal
candidate genes in the pathophysiology of IDD. In addition, there was a remarkable immune cell infiltration difference
between the healthy and IDD groups. The proportions for dendritic cells activated, mast cells activated, and neutrophils in the
IDD group were significantly higher than those in the normal group, while the proportion of some cells was lower than that of
the normal group, such as T cell CD4 memory resting, NK cells activated, and macrophage M0. Furthermore, correlation
analysis indicated IL-1f3, LYN, and NAMPT were closely implicated with immune cell infiltration in IDD development.
Conclusions. We explored an association between inflammatory response-associated signature and immune infiltration in IDD
and validated that IL-13, LYN, and NAMPT might serve as biomarkers and therapeutic targets for IDD in the future.

1. Introduction

Intervertebral disc degeneration (IDD) is one of the most
common degenerative diseases that is considered the leading
cause of low back pain (LBP) nowadays [1, 2]. It is reported
that LBP has become a prevalent medical disorder which is

associated with disability and heavy socioeconomic expendi-
ture [3]. Despite substantial progress and improvement in
the management of discogenic LBP, long-lasting clinical
therapy effect remains unsatisfactory. Although the etiology
of IDD is multifactorial, including genetic predisposition,
aging, overloading, and lifestyle (smoking and obesity), they
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lead to common pathological changes which is characterized
by extracellular matrix degradation and excessive cell
apoptosis.

Inflammation is widely accepted as an important driver
of IDD progression which promotes matrix degradation, cell
senescence, and apoptosis by recruiting a large number of
inflammatory cytokines, such as interleukin-13 (IL-1f)
and tumor necrosis factor-a (TNF-a). For example, a study
conducted by Kim et al. showed that direct injection of IL-
18 into rat lumbar intervertebral disc resulted in disc degen-
eration and inflammation microenvironment [4]. TNF-«
plays a proinflammatory effect within disc and promotes
nucleus pulposus cells death [5]. Conversely, anti-
inflammatory treatments provide positive therapeutic effect
in alleviating IDD development. Hence, downregulation of
disc inflammation response is a promising strategy in the
treatment of IDD.

The nucleus pulposus (NP) is the largest avascular organ
which is located at the center intervertebral disc (IVD). The
unique anatomical structure isolates NP from the host
immune system and therefore, NP has been identified as
an immune privilege organ by Naylar et al. since 1975 [6].
However, the disruption of the NP-blood barrier due to
annulus fibrosus rupture leads to exposure of NP to the host
and triggers numerous immune cells infiltration and
immune response.

It has been demonstrated that immune cell infiltration,
including Tregs and macrophages, is involved in IDD pro-
gression [7, 8]. Noteworthy, infiltrating immune cells, such
as neutrophils and T cells (CD4+, CD8+), release a large
number of inflammatory cytokines and aggravate inflamma-
tion response cascade. Although biological therapy targeting
immune and inflammation modulation is still in its infancy,
more in-depth exploration in immune-related inflammatory
response sheds light on IDD treatment.

The purpose of the current study was to explore inflam-
matory associated biomarkers and potential therapeutic tar-
gets for the management of IDD based on bioinformatic
analysis. Firstly, IDD profiles were downloaded from the
Gene Expression Omnibus (GEO) database. Then, differen-
tially expressed inflammatory genes (DE-IRGs) that were
implicated with IDD progression were obtained by WGCNA
and differential expression analysis, followed by enrichment
analysis and LASSO regression. Next, optimal DE-IRGs
were validated by independent dataset. Finally, the associa-
tion between immune infiltration alteration and inflamma-
tory biomarkers were investigated by CIBERSORT for the
first time. In all, our findings might provide novel insights
into the interaction between inflammatory associated genes
and immune infiltration in the pathogenesis of IDD.

2. Materials and Methods

2.1. Gene Expression Data Collection. The gene expression
profiles of IDD, including GSE27494, GSE41883, and
GSE150408 (external validation sets)), were downloaded
from GEO (http://www.ncbi.nlm.nih.gov/geo) databases.
The GSE27494 dataset included gene expression profiles of
4 human disc cells exposed to IL-18 and 4 controls. The
GSE41883 dataset included gene expression profiles of 4
human disc cells exposed to TNF-a and 4 controls. The
GSE150408 dataset included gene expression in the whole
blood from 17 patients with sciatica compared with 17
healthy volunteers. The flowchart of this study was summa-
rized in Figure 1.

2.2. Differential and WGCNA Expression Analyses. Differen-
tial analysis between IDD patients and healthy controls in
GSE27494 or GSE41883 was performed after using the
limma package in R software. A screening threshold of P
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F1GURE 2: Identification of differentially expressed genes associated with intervertebral disc degeneration (IDD). Heatmap and volcano map
of DEGs between IDD patients and healthy control in (a, b) GSE27494 and (c, d) GSE41883. Red represents upregulated genes, green or blue
represents downregulated genes, and black represents no significant difference genes.
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value < 0.05 and [log, fold change (FC)| > 2 was set to obtain
the differentially expressed genes between IDD patients and
controls. Then, the heatmap and volcano plot were gener-
ated using the ggplot2 package in the R software. The
WGCNA package in R was used to build a coexpression net-
work. Then hub genes from differential analysis and key
modules from WGCNA were interested to obtain DEGs.
The ggpubr package was used to draw boxplot of DEGs. In
addition, the correlation matrix analysis of DEGs was visual-
ized using the different R package.

2.3. Functional and Pathway Enrichment Analyses. The clus-
terProfiler package in R was utilized to perform Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of common genes.
The GO analysis consisted of biological process (BP), cellu-
lar component (CC), and molecular function (MF). A P
value less than 0.05 was considered statistically significant
for enrichment.

2.4. Identification of Inflammatory Response-Associated
DEGs. The inflammatory response-associated genes were
downloaded from the hallmark gene sets in the Molecular
Signature Database (MSigDB, https://www.gsea-msigdb
.org/gsea/msigdb/). The IRGs overlapped with the DEGs,
and then the differentially expressed IRG (DE-IRGs) genes
were identified. Venn diagrams were created using the
VennDiagram package.

2.5. Hub Genes Screening and External Validation. The least
absolute shrinkage and selection operator (LASSO) method
was used for the screening of the feature genes from DE-
IRGs. We used the glmnet package in R to perform the
LASSO logistic regression analysis. After that, selected char-
acteristic genes were validated in an independent dataset
(GSE150408), and boxplots for gene expression were drawn.

2.6. Immune Infiltration Related Analysis. The relative abun-
dance of 22 human immune cells in IDD patients and
healthy controls were analyzed by the CIBERSORT decon-
volution algorithm, which is an important bioinformatic tool
to evaluate immune infiltration microenvironment. The
gene expression matrix of immune cells was downloaded
from the CIBERSORT (https://cibersortx.stanford.edu) plat-
form and matched with differentially expressed genes to
generate the infiltrative proportions of immune cells in
IDD. Histogram, correlation heatmap, and violin diagram
were drawn to visualize the difference between the IDD
and normal groups. In addition, the lollipop chart was used
to analyze the relationship between immune cells and target
DE-IRGs.

2.7. Statistical Analysis. All statistical analyses were per-
formed using the R software. Data were shown as mean +
standard deviation (SD). The differences between the two
groups were evaluated by independent sample t-test and
nonparametric test. A P <0.05 was considered statistically
significant.
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FIGURE 4: Screening main inflammatory associated genes in IDD. (a) Venn diagram between WGCNA modules and DEGs. (b) The
overlapped DEGs and inflammatory associated genes.

TasLE 1: Top 10 inflammatory response-associated genes in IDD.

Gene logFC AveExpr t P value Adj. P value B
CCL20 5.532308225 6.259162738 10.74688389 2.19¢-08 6.75e - 06 9.69840814
CCL7 2.316937 7.937576375 7.569315372 1.84e - 06 0.000129624 5.296735863
GCH1 2.495734375 8.387334613 8.301695527 5.98¢ - 07 6.30e — 05 6.422200711
IL1B 8.303783088 7.093097344 16.30224347 7.29¢ - 11 8.45¢ - 08 15.09109203
LIF 5.524410525 9.511424375 20.88386735 2.16e—12 7.80e - 09 18.1460731
LYN 2.870808 5.271320438 6.57260378 9.44e - 06 0.000413442 3.645774035
NAMPT 3.215158813 9.482475856 16.14269113 8.37e—11 9.17e - 08 14.9660275
NOD2 3.35102225 4.538360288 9.85462812 6.82¢ - 08 1.40e - 05 8.582475124
SLC7A2 2.1113183 3.863241175 14.32074519 4.46e - 10 3.14e - 07 13.42836733

TNFRSF1B 2.731989775 7.10356355 7.253318035 3.04e - 06 0.000188559 4.788480163
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Ficure 5: Top 10 differentially expressed inflammatory-related genes in IDD. Boxplots of the expression levels of 10 differentially expressed
IRGs in IDD and healthy controls. The green box plots represent the expression in healthy controls, whereas the red box plots represent the

expression in IDD.

3. Results

3.1. Identification of 10 Differentially Expressed IRGs Related
to IDD. A total of 146 differentially expressed genes were iden-
tified in GSE27494, including 50 downregulated and 96 upreg-
ulated genes. Meanwhile, a total of 327 differentially expressed
genes (including 131 downregulated and 196 upregulated) were
obtained in GSE41883. The difference between IDD and nor-
mal controls were visualized by heatmap and volcano plot
(GSE27494 (Figures 2(a) and 2(b)) and GSE41883
(Figures 2(c) and 2(d))). Then, we used the WGCNA method
to explore IDD-associated coexpression modules. A hierarchi-
cal clustering tree containing 14 modules in GSE27494
(Figures 3(a) and 3(b)) and 13 modules in GSE41883
(Figures 3(c) and 3(d)) with various colors were constructed.
Moreover, the midnight blue module (correlation index: -1, P
=2e — 08) of GSE27494 and the red module (correlation index:
—0.98, P =9¢ — 06) of GSE41883 displayed the highest correla-
tion with IDD. Subsequently, 53 characteristic DEGs were
obtained by intersecting differential genes and key module
genes of both datasets (Figure 4(a)). Next, 200 inflammatory
response-associated genes were downloaded from hallmark
gene sets in MSigDB and then overlapped with previously
obtained DEGs, and Venn diagrams revealed 10 differentially
expressed IRGs (SLC7A2, LIF, NAMPT, IL-1f3, NOD2,
CCL20, CCL7, TNFRSFIB, LYN, and GCH1) (Figure 4(b)
and Table 1). Finally, a boxplot revealed that all DE-IRGs were
upregulated in IDD group (Figure 5(a)). The relationship
between DE-IRGs was further investigated, as shown in
Figures 6(a)-6(d).

3.2. Functional and Pathway Enrichment Analyses. Gene
Ontology (GO) functional enrichment analysis showed that
the identified 10 DE-IRGs were mainly involved in regulation

of ERK1 and ERK2 cascade, positive regulation of gliogenesis,
response to lipopolysaccharide, response to molecule of bacte-
rial origin, and positive regulation of MAPK cascade
(Figure 7(a)). Meanwhile, the results of KEGG enrichment
analysis indicated that the selected hub genes played a crucial
role in TNF signaling pathway, cytokine-cytokine receptor
interaction, IL-17 signaling pathway, viral protein interaction
with cytokine, and cytokine receptor and NOD-like receptor
signaling pathway (Figure 7(b)).

3.3. Screening and Validation of Candidate Signatures. The
LASSO regression algorithm was used to reduce overfitting
of 10 DE-IRGs and screen the optimal inflammatory related
genes associated with IDD. The minimum lambda and 10-
fold cross-validation were set to model construction. Finally,
five candidate biomarkers (IL-1f, LIF, LYN, NAMPT, and
SLC7A2) were obtained (Figures 8(a) and 8(b)). To further
verify the differentially expression of above genes, we further
performed the differential expression analysis in the
GSE150408 dataset and found that the expression of IL-1f,
LYN, and NAMPT was obviously different between IDD
and control samples (P value < 0.05), as shown in
Figures 9(a)-9(c). Hence, IL-1f3, LYN, and NAMPT were
chosen as optical inflammatory associated characteristic
genes.

3.4. Immune Cell Infiltration. The difference of 22 immune
cells infiltration between IDD and healthy control was inves-
tigated by the CIBERSORT algorithm. The histogram and
violin diagram clearly revealed the abundance difference in
immune cell infiltration between both  groups
(Figures 10(a) and 10(b)). The fraction for dendritic cells
activated, mast cells activated, and neutrophils in the IDD
group was remarkably higher than those in the normal
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F1GURE 6: Correlation between differentially expressed IRGs in IDD. (a) Circos plot of differentially expressed IRGs. (b) Correlation plot of
differentially expressed IRGs. (c) Correlation network between IRGs. (d) Radar plot of IRGs.

group, while the fraction of some cells was obviously lower
than that of the normal group, such as T cells CD4 memory
resting, NK cells activated, and macrophage MO
(Figure 10(c)). The above results indicated these differential
immune cells might be associated with the immune regula-
tion process of IDD pathogenesis.

3.5. Correlation between Three Candidate Biomarkers and
Immune-Infiltrated Cells in IDD. The correlation analysis
between optimal DE-IRGs and infiltrating immune cells
was further investigated. As shown in Figure 11(a), IL-18
displayed a positive correlation with mast cells activated
(0.955114313, 8.74e—09), dendritic cells activated
(r=0.708, P=0.002), T cells regulatory (Tregs) (r =0.682,
P =0.004), neutrophils (r=0.658, P=0.006), and T cell
CD4 naive (r =0.519, P = 0.039) and showed a negative cor-
relation with T cells CD4 memory resting (r =—0.96, P <
0.01), macrophage MO (r =-0.72, P =0.002), NK cells acti-
vated (r=-0.672, P=0.004), and mast cells resting
(r=-0.57, P=0.021). As shown in Figure 11(b), LYN
showed a positive correlation with mast cells activated
(r=0.593, P=0.015) and dendritic cells activated
(r=0.823, P <0.01) and showed a negative correlation with
macrophage MO (r =-0.729, P =0.002), T cell CD4 memory
resting (r=-0.553, P=0.029), and NK cells activated
(r=-0.334, P=0.206). As shown in Figure 11(c), NAMPT
showed a positive correlation with mast cells activated
(r=0.78, P<0.01) and dendritic cells activated (r=0.821,
P <0.01) and indicated a negative correlation with T cell
CD4 memory resting (r = —0.776, P < 0.01) and macrophage
MO (r=-0.626, P =0.011). These results suggested that the
interplay between inflammatory associated genes and
immune cells played a critical role in the progression of IDD.

4. Discussion

Intervertebral disc degeneration (IDD) is a major cause of
low back pain, which leads to high social and economic cost

[9]. Low back pain has been identified as one of the most
common reasons for seeking medical care [10]. With an
increasing prevalence in the aging population, there is an
urgent need to elucidate the etiology and find out the best
therapy of IDD. To date, the diagnosis of IDD largely relies
on symptoms and imaging, which hinders early diagnosis
and timely treatment. Despite years of efforts and attempts,
the exact mechanisms of IDD remain unclear, and effective
treatments are still lacking. Although some biomarkers have
been identified in previous studies, there is no focus on the
comprehensive investigation of immune cells and inflamma-
tory genes in IDD. Thus, we aimed to explore potential
inflammatory associated signature of IDD and further inves-
tigate their relationship with immune infiltration based on
comprehensive analysis.

In the present study, we used the WGCNA and the
CIBERSROT algorithm to screen characteristic inflamma-
tory associated genes and immune cells related to IDD
development. Firstly, we obtained 10 inflammatory-related
genes by overlapping genes from differentially expressed
analysis and key modules of the WGCNA. Next, GO and
KEGG pathway analyses found that these genes are mainly
involved in TNF, IL-17, NOD-like receptor, and NF-kappa
B signaling pathway, indicating that inflammation response
is an important pathological process of IDD. Moreover, IL-
18, LYN, and NAMPT were identified as hub candidate
genes by the LASSO regression and external validation.
Finally, we discovered different immune cells infiltration
landscape between IDD patients and healthy control and
found that IL-183, LYN, and NAMPT were closely implicated
with immune response. To the best of our knowledge, stud-
ies of IRGs and immune response related to IDD are limited,
and our study may provide new insights into the pathogen-
esis of IDD by exploring the cross talk between hub inflam-
matory genes and immune cells.

To date, a series of studies have demonstrated that
proinflammatory molecules are potent factors in initiation
and progression of IDD [11, 12]. Many important
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FIGURE 8: LASSO screen of the hub differentially expressed inflammatory-related genes. (a, b) Least absolute shrinkage and selection
operator (LASSO) logistic regression algorithm to screen candidate IRGs.

inflammatory biomarkers have been investigated and have
the potential to guide diagnosis and therapeutics [13]. IL-
18 is one of the most important proinflammatory cytokine
which promoted ECM degradation, oxidative stress, and
NLRP3 inflammasome activation in NP cells, and drugs
targeting IL-1f play a protective role against inflammation
injury [14-16]. Nampt is a rate-limiting enzyme for the
NAD+ remedial synthetic pathway in mammalian cells,
which plays a critical role in regulating cellular senescence
[17]. However, the biological effect of Nampt on IDD
remains controversial. Some studies showed that Nampt

stimulated the activation of NLRP3 inflammasome and
promoted the progression of IDD [18]. Nampt inhibitor,
for example, APO866, prevented ECM degradation and
NP cells apoptosis, indicating that Nampt is harmful for
NP cells via inflammation activation [19]. On the other
side, some studies supported that Nampt is beneficial for
IDD. Sun et al. found that delivering exogenous Nampt
enhanced NAD™ biosynthesis in senescent NP cells and
delayed the development of IDD in rats [20]. Shi et al.
reported that resveratrol activated autophagy and attenu-
ated IDD via activation of the Nampt/NAD+/SIRT1
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FIGURE 9: Significant gene expression boxplots of IL-18, LYN, and NAMPT between IDD and healthy controls in GSE150408.
pathway [21]. Hence, the influence of Nampt on inflam-  inflammation response based on literatures. The activation

matory response and senescence needs further investiga-  of NOD-like receptor protein 3 (NLRP3) inflammasome
tion. Of the significantly enriched pathways in the KEGG  has been shown to promote inflammation by release of
pathway analysis, the NOD-like receptor signaling path-  potent proinflammatory cytokines interleukin- (IL-) 18
way was of interest as it played an important role in  and IL-18. In recent years, with further exploration of
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FiGUrg 10: The immune landscape in IDD patients. (a) Bar plot showing the relative proportions of 22 immune cell populations in IDD
samples. (b) Violin plot comparing immune cell compositions in the IDD patients and healthy controls. (c) Pearson’s correlation

analysis of different infiltrating immune cell subpopulations.

inflammasomes, growing evidence has demonstrated that
inflammasomes are associated with the occurrence and
progression of IDD [22]. NLRP3 inflammasome activation
was significantly increased in degenerated disc and IDD
model, and drugs targeting NLRP3, such as cortistain
[23], melatonin [24], and mesenchymal stem cell- (MSC-
) derived exosomes [25], ameliorated intervertebral disc
degeneration via repressing NLRP3 activation. As men-
tioned above, inflammation response exacerbates the
severity of IDD. On the other hand, anti-inflammation
therapy could alleviate IVD degeneration. For example,
IL-10 was an important anti-inflammatory mediator, and
exogenous IL-10 treatment delayed IVD degeneration via
inhibiting p38 MAPK activation and inflammation
response [26].

Immune response is an important driver of inflamma-
tion, and various immune cells play different roles in the
process of IDD. Intervertebral disc has been widely
accepted as an immune privilege organ because of its avas-
cular structure. However, the rupture of outer annulus
fibrosus results in exposure of inner nucleus pulposus to
circulation and consequently triggers an autoimmune reac-
tion. The infiltration of immune cells, such as neutrophils,
T cells, and macrophages might release a large amount of
proinflammatory molecules and promoted inflammation
cascade within the disc. Wang et al. showed the immune
infiltration landscape varied significantly between LDH
and healthy control, and both Tregs and macrophages
were implicated with IDD development [7]. Macrophage
has been identified as a key immune player in the process
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of IDD. Significant interaction between macrophages and
progenitor NP cells via MIF (macrophage migration inhib-
itory factor) and NF-xB signaling pathways was found
during the progression of IDD via single-cell RNA
sequencing [27]. To be mentioned, the function of macro-
phage is influenced by both phenotypes and microenviron-
ment. It was reported that after cocultured with IL-1f3 and
IVD-conditioned medium, macrophages prevented IVD
ECM remodeling and decreased aggrecan and collagen II
gene expression in the presence of IL-1f [28]. The cross
talk between macrophage and IVD in degenerated disc
tended to polarize macrophages toward a more proinflam-
matory state, which accelerated IVD degeneration as a
return. A recent study showed that magnoflorine alleviated
M, macrophage-induced IDD by the inhibition of NLRP3
inflammasome activation [29]. On the other hand, the M,

macrophage played an anti-inflammatory effect and
increased NP cell proliferation and ECM synthesis under
TNF-« stimulation [30]. Nowadays, increasing evidence
support that M, polarization shows a proinflammatory
effect while M, state plays an anti-inflammation and
remodeling effect in response to injury [31-33]. Hence,
future macrophage-anchored therapeutics is promising in
the management of IDD. Moreover, many other types of
immune cells, including neutrophils and T cells, have
attracted a lot of research attention and the progress of
interaction between immune cells and inflammatory
response is expected to become a breakthrough in the
treatment of IDD.

Notably, there are still few studies on the interaction of
inflammation related genes and immune infiltration in the
pathogenesis of IDD. Our rigorous bioinformatic analysis
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provided reliable inflammatory genetic biomarkers in the
IDD model and paved the way for future therapeutic strate-
gies research for IDD by targeting inflammatory genes and
immune modulation. Nevertheless, there were certain limi-
tations in our study. First, this study was completely based
on public datasets with small sample size, which might result
in biased interpretation. Second, in vivo and in vitro experi-
ments for validation are lacking. Hence, further in-depth
biological experiments on immune infiltration and inflam-
matory response are required.

5. Conclusion

In conclusion, the present study revealed that the expression
level of inflammatory associated genes (IRGs) and immune
infiltration landscape significantly differed between IDD
patients and healthy control. Additionally, based on this
comprehensive bioinformatic analysis, we identified hub
IRGs, critical regulatory pathways and immune infiltration
characteristics of IDD. Moreover, the correlation between
hub IRGs and immune cells was analyzed. In all, these find-
ings may extend our knowledge concerning inflammation
response and immune modulation in IDD patients.

Abbreviations

LBP:  Low back pain

IVD:  Intervertebral disc

IDD: Intervertebral disc degeneration
AF: Annulus fibrosus

NP: Nucleus pulposus

CEP:  Cartilage endplate

ECM: Extracellular matrix

MMP: Matrix metalloproteinase
DEGs: Differentially expressed genes
BP: Biological process

CC: Cellular component

MF:  Molecular function

KEGG: Kyoto Encyclopedia of Genes and Genomes.

Data Availability

The following information was supplied regarding data
availability: The raw data can be found at https://www.ncbi
.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27494, https://www
.1ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41883,  and
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=
GSE150408.

Ethical Approval

This study is based on microarray analysis.

Conflicts of Interest

The authors have no conflicts of interest to disclose in rela-
tion to this article.

Oxidative Medicine and Cellular Longevity

Authors’ Contributions

Tao Lan and Yuantao Zhang conceived and designed the
study; Zhihao Hu and Weizhuang Guo analyzed the data;
Bin Yan and Tao Lan wrote and revised the manuscript.
Tao Lan and Zhihao Hu contributed equally to this work
and should be considered co-first authors.

Acknowledgments

This work was supported by the Natural Science Foundation
of Guangdong Province (Grant No. 2022A1515011366).

References

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

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

[3] R. Chou, “Low Back Pain,” Annals of Internal Medicine,
vol. 174, pp. Itc113-itc128, 2021.

[4] H.Kim,].Y.Hong,]. Lee, W.]. Jeon, and I. H. Ha, “IL-1p pro-
motes disc degeneration and inflammation through direct
injection of intervertebral disc in a rat lumbar disc herniation
model,” The Spine Journal, vol. 21, no. 6, pp. 1031-1041, 2021.

[5] F.Ye, Y.Xu, F. Lin, and Z. Zheng, “TNF-«a suppresses SHOX2
expression via NF-«B signaling pathway and promotes inter-
vertebral disc degeneration and related pain in a rat model,”
Journal of Orthopaedic Research, vol. 39, no. 8, pp. 1745-
1754, 2021.

[6] A.Naylor, F. Happey, R. L. Turner, R. D. Shentall, D. C. West,
and C. Richardson, “Enzymic and immunological activity in
the intervertebral disk,” The Orthopedic Clinics of North Amer-
ica, vol. 6, no. 1, pp. 51-58, 1975.

[7] 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.

[8] W. Li, Z. Ding, H. Zhang et al., “The roles of blood lipid-
metabolism genes in immune infiltration could promote the
development of IDD,” Frontiers in Cell and Development Biol-
ogy, vol. 10, article 844395, 2022.

[9] A. Conger, B. Duszynski, and Z. L. McCormick, “Management
of Chronic low Back Pain,” JAMA Internal Medicine, vol. 182,
no. 6, p. 687, 2022.

[10] A. C. Traeger, A. Qaseem, and J. H. McAuley, “Low Back
pain,” JAMA, vol. 326, no. 3, p. 286, 2021.

[11] Y. Wang, M. Che, J. Xin, Z. Zheng, J. Li, and S. Zhang, “The
role of IL-1$ and TNF-« in intervertebral disc degeneration,”
Biomedicine & Pharmacotherapy, vol. 131, article 110660,
2020.

[12] X.X. Song, L.Y.Jin, X. F. Li, Y. Luo, and B. W. Yu, “Substance
P mediates estrogen modulation Proinflammatory cytokines
release in intervertebral disc,” Inflammation, vol. 44, no. 2,
pp. 506-517, 2021.

[13] A.N. Khan, H. E. Jacobsen, J. Khan et al., “Inflammatory bio-
markers of low back pain and disc degeneration: a review,”
Annals of the New York Academy of Sciences, vol. 1410, no. 1,
pp. 68-84, 2017.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27494
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27494
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41883
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41883
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150408
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150408

Oxidative Medicine and Cellular Longevity

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

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-1f signaling pathway,” Biochemical and Biophysical
Research Communications, vol. 559, pp. 106-112, 2021.

Z. Shao, B. Wang, Y. Shi et al., “Senolytic agent quercetin ame-
liorates intervertebral disc degeneration via the Nrf2/NF-«B
axis,” Osteoarthritis and Cartilage, vol. 29, no. 3, pp. 413-
422, 2021.

J. Lin, J. Chen, Z. Zhang et al., “Luteoloside inhibits IL-1/-
induced apoptosis and catabolism in nucleus pulposus cells
and ameliorates intervertebral disk degeneration,” Frontiers
in Pharmacology, vol. 10, p. 868, 2019.

T. Nacarelli, L. Lau, T. Fukumoto et al., “NAD(+) metabolism
governs the proinflammatory senescence-associated secre-
tome,” Nature Cell Biology, vol. 21, no. 3, pp. 397-407, 2019.

Y. Huang, Y. Peng, J. Sun et al., “Nicotinamide phosphoribosyl
transferase controls NLRP3 Inflammasome activity through
MAPK and NF-«B signaling in nucleus pulposus cells, as sup-
pressed by melatonin,” Inflammation, vol. 43, no. 3, pp. 796-
809, 2020.

C. Shi, H. Wu, D. du et al,, “Nicotinamide Phosphoribosyl-
transferase inhibitor APO866 prevents IL-1S-induced human
nucleus pulposus cell degeneration via autophagy,” Cellular
Physiology and Biochemistry, vol. 49, no. 6, pp. 2463-2482,
2018.

Y. Sun, X. Li, X. Yang, B. Chen, and W. Zhang, “Small extracel-
lular vesicles derived from adipocytes attenuate intervertebral
disc degeneration in rats by rejuvenating senescent nucleus
pulposus cells and endplate cells by delivering exogenous
NAMPT,” Oxidative Medicine and Cellular Longevity,
vol. 2021, Article ID 9955448, p. 18, 2021.

Q. Shi, L. Xu, and X. Zeng, “Sirtuin 1 participates in interver-
tebral disc degeneration via the nicotinamide phosphoribosyl
transferase/nicotinamide adenine dinucleotide/sirtuin 1 path-
way responsible for regulating autophagy of nucleus pulposus
cells,” Experimental and Therapeutic Medicine, vol. 23, no. 4,
p. 267, 2022.

G. Chao-Yang, C. Peng, and Z. Hai-Hong, “Roles of NLRP3
inflammasome in intervertebral disc degeneration,” Osteoar-
thritis and Cartilage, vol. 29, no. 6, pp. 793-801, 2021.

Y. Zhao, C. Qiu, W. Wang et al,, “Cortistatin protects against
intervertebral disc degeneration through targeting mitochon-
drial ROS-dependent NLRP3 inflammasome activation,” The-
ranostics, vol. 10, no. 15, pp- 7015-7033, 2020.

F. Chen, G. Jiang, H. Liu et al., “Melatonin alleviates interver-
tebral disc degeneration by disrupting the IL-13/NF-xB-
NLRP3 inflammasome positive feedback loop,” Bone Research,
vol. 8, no. 1, p. 10, 2020.

C. Xia, Z. Zeng, B. Fang et al., “Mesenchymal stem cell-derived
exosomes ameliorate intervertebral disc degeneration via anti-
oxidant and anti-inflammatory effects,” Free Radical Biology ¢
Medicine, vol. 143, pp. 1-15, 2019.

J. Ge, Q. Yan, Y. Wang et al., “IL-10 delays the degeneration of
intervertebral discs by suppressing the p38 MAPK signaling
pathway,” Free Radical Biology ¢ Medicine, vol. 147,
pp. 262-270, 2020.

Z. Ling, Y. Liu, Z. Wang et al., “Single-cell RNA-Seq analysis
reveals macrophage involved in the progression of human
intervertebral disc degeneration,” Frontiers in Cell and Devel-
opment Biology, vol. 9, article 833420, 2021.

(28]

(29]

(30]

(31]

(32]

(33]

19

A.J.Silva, J. R. Ferreira, C. Cunha et al., “Macrophages Down-
regulate gene expression of intervertebral disc degenerative
markers under a pro-inflammatory microenvironment,” Fron-
tiers in Immunology, vol. 10, p. 1508, 2019.

F. Zhao, Z. Guo, F. Hou, W. Fan, B. Wu, and Z. Qian, “Magno-
florine alleviates "M1" polarized macrophage-induced inter-
vertebral disc degeneration through repressing the HMGB1/
Myd88/NF-xB pathway and NLRP3 Inflammasome,” Fron-
tiers in Pharmacology, vol. 12, article 701087, 2021.

X.C. L, S. J. Luo, W. Fan, T. L. Zhou, C. M. Huang, and M. S.
Wang, “M2 macrophage-conditioned medium inhibits inter-
vertebral disc degeneration in a tumor necrosis factor-a-rich
environment,” Journal of Orthopaedic Research, vol. 1,
pp. 11-14, 2022.

K. R. Nakazawa, B. A. Walter, D. M. Laudier et al., “Accumu-
lation and localization of macrophage phenotypes with human
intervertebral disc degeneration,” The Spine Journal, vol. 18,
no. 2, pp. 343-356, 2018.

S. Lee, M. Millecamps, D. Z. Foster, and L. S. Stone, “Long-
term histological analysis of innervation and macrophage infil-
tration in a mouse model of intervertebral disc injury-induced
low back pain,” Journal of Orthopaedic Research, vol. 38, no. 6,
pp. 1238-1247, 2020.

M. Nakawaki, K. Uchida, M. Miyagi et al., “Changes in nerve
growth factor expression and macrophage phenotype follow-

ing intervertebral disc injury in mice,” Journal of Orthopaedic
Research, vol. 37, no. 8, pp. 1798-1804, 2019.



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 7548145, 17 pages
https://doi.org/10.1155/2022/7548145

Research Article

@ Hindawi

Specific PFKFB3 Inhibitor Memorably Ameliorates Intervertebral
Disc Degeneration via Inhibiting NF-xB and MAPK Signaling
Pathway and Reprogramming of Energy Metabolism of Nucleus

Pulposus Cells

Xiankun Cao

Jiadong Guo, Hui Ma (), An Qin

» Xin Wang, Kewei Rong, Kexin Liu, Xiao Yang, Tangjun Zhou, Pu Zhang,
, and Jie Zhao

Shanghai Key Laboratory of Orthopedic Implants, Department of Orthopaedics Surgery, Shanghai Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine, Shanghai 200011, China

Correspondence should be addressed to Hui Ma; 18939760496@163.com, An Qin; dr_qinan@163.com,

and Jie Zhao; profzhaojie@126.com

Received 18 July 2022; Accepted 30 August 2022; Published 21 September 2022

Academic Editor: Sidong Yang

Copyright © 2022 Xiankun Cao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Intervertebral disc (IVD) degeneration (IVDD) is a characteristic of the dominating pathological processes of nucleus pulposus
(NP) cell senescence, abnormal synthesis and irregular distribution of extracellular matrix (ECM), and tumor necrosis factor-«
(TNF-«) induced inflammation. Nowadays, IVD acid environment variation which accelerates the pathological processes
mentioned above arouses researchers’ attention. KAN0438757 (KAN) is an effective inhibitor of selective metabolic kinase
phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKFB3) that has both energy metabolism reprogramming and anti-
inflammatory effects. Therefore, a potential therapeutic benefit of KAN lies in its ability to inhibit the development of IVDD.
This study examined in vitro KAN toxicity in NP primary cells (NPPs). Moreover, KAN influenced tumor necrosis factor-«
(TNF-a) induced ECM anabolism and catabolism; the inflammatory signaling pathway activation and the energy metabolism
phenotype were also examined in NPPs. Furthermore, KAN’s therapeutic effect was investigated in vivo using the rat tail disc
puncture model. Phenotypically speaking, the KAN treatment partially rescued the ECM degradation and glycolysis energy
metabolism phenotypes of NPPs induced by TNF-a. In terms of mechanism, KAN inhibited the activation of MAPK and NF-
kB inflammatory signaling pathways induced by TNF-a and reprogramed the energy metabolism. For the therapeutic aspect,
the rat tail disc puncture model demonstrated that KAN has a significant ameliorated effect on the progression of IVDD. To
sum up, our research successfully authenticated the potential therapeutic effect of KAN on IVDD and declaimed its
mechanisms of both novel energy metabolism reprogramming and conventional anti-inflammation effect.

1. Introduction

IVD usually plays an important role in spinal movement. As
a result of IVDD, low back pain and severe spinal disorders,
including lumbar disc herniation and spinal stenosis, are
common [1]. Due to the wide range of morbidity, it has
caused a huge socioeconomic burden and sorely influenced
patients’” quality of life [2]. The NP cell senescence and their
dysfunction on ECM maintenance are considered as an ini-
tial trigger in the pathogenesis of IVDD [3]. The special

physiological composition of hyaline cartilaginous endplates
(CEPs), annulus fibrosus (AF), and NP determines the spe-
cific hypoxic environment of IVD. Therefore, AF rupture
caused hypoxic environment disruption, and subsequent
blood vessels ingrowth and nociceptive nerves [4] are the
vital reasons for accelerated irregular distribution and
abnormal synthesis of ECM and TNF-a-induced inflamma-
tion [5] and the continuous vicious circle of NP cell senes-
cence. Under the circumstances, therapies targeting
inflammation, senescence, and hypoxic microenvironment


https://orcid.org/0000-0003-1993-8181
https://orcid.org/0000-0003-2012-7693
https://orcid.org/0000-0002-8785-8848
https://orcid.org/0000-0003-1000-5641
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7548145

2 Oxidative Medicine and Cellular Longevity
TaBLE 1: Primer pair sequences used in gPCR.

Mouse gene Forward 5" => 3 Reverse 5'=> 3’

MMP3 CCCTGCAACCGTGAAGAAGA GACAGCATCCACCCTTGAGT
MMP7 CCCTGTTCTGCTTTGTGTGTCA GGGGGAGAGTTTTCCAGTCA
MMP9 CCGACTTTTGTGGTCTTCCCC ATGTCTCGCGGCAAGTCTTC
MMPI13 AGAAGTGTGACCCAGCCCTA GGTCACGGGATGGATGTTCA
Aggrecan TGCAGACATTGACGAGTGCC AGAGAGTGTCCGTCAGACCA
B-Actin ACCCGCGAGTACAACCTTC ATGCCGTGTTCAATGGGGTA

loss of NP cells [6-8], no matter by any kind of approaches
such as EVs, cell secretory factors, stem cells, and drugs
[9-11], have been the main assault fortified directions of
researchers in last decades.

However, some emerging but interesting perspectives
have aroused researchers’ attention in the past few years.
One of these hot issues, acid environment variation of
degenerated IVD, similar to hypoxia environment change,
has been demonstrated to influence some processes of IVDD
[12, 13]. Specifically, the glycolytic metabolism phenotype of
NP cells under a hypoxia environment is further aggravated
due to the reduction of glucose and oxygen supply caused by
CEP permeability decrease during IVDD, which enhances
the lactate production and its efflux to ECM [14, 15]. The
descending pH in the environment in turn significantly
induces the catabolic upregulation and anabolic downregu-
lation of acid-sensitive NP cells, resulting in the NP cells’
senescence, ECM imbalance, and degradation [16]. The
long-termed and persistently aggravated environment acidi-
fication not only further influences the CEP permeability
and oxygen balance in hypoxia IVD but also accelerates
the death of NP cells [17], which all contribute to the
TNF-a production and expression of other inflammatory
mediators [18]. Thus, therapies that effectively break this
vicious circle and achieve the treatment of IVDD by regulat-
ing the IVD acidic environment are new directions worthy
of further study.

PFKFB3 is a key glycolysis rate-limiting enzyme. Due to
its strong kinase activity, stabilized expression of PFKFB3
can elevate the rate of glycolysis, thereby promoting the
blood vessel sprouting, affecting tumor angiogenesis [19].
Therefore, targeting PFKFB3 of its effects on glycolysis of
endothelial cells (ECs) during tumor angiogenesis has
become a burgeoning research field in tumor therapy [20,
21]. In addition, the effect of PFKFB3 on endothelial cell gly-
colysis has also been demonstrated to be very important for
pathological hypoxic diseases such as pulmonary hyperten-
sion [22]. Moreover, PFKFB3 inhibitor PFK15 exhibits a sig-
nificant antiosteoporosis effect by repressing inflammation
(NF-xB and MAPK pathways) and blocking glycolysis of
osteoclasts at the same time [23].

KAN is the latest inhibitor of selective metabolic kinase
PFKFB3, more effective than PFK15, that has been identified
as a potential cancer treatment strategy [24]. Therefore,
according to previous research on the effect of PFKFB3 inhi-
bition in ECs and OCs, whether and how KAN ameliorates
IVDD, a hypoxia environment-metabolism dysfunction-NP

cell senescence and death-inflammation vicious cycle patho-
logical process, via inhibiting inflammation and reprogram-
ming of energy metabolism of nucleus pulposus cells is
worth to be explored and revealed.

2. Materials and Methods

2.1. Chemicals and Reagents. The selective metabolic kinase
PFKFB3 inhibitor KAN0438757 (KAN) was purchased from
MCE (CAS: 1451255-59-6, Shanghai, China), dissolved in
dimethyl sulfoxide (DMSO) as a 5mM stock solution, and
stored at —80°C. A final concentration of DMSO less than
0.1% was used to reduce cytotoxicity. Fetal bovine serum
(FBS) and penicillin/streptomycin were bought from Gibco
BRL (Gaithersburg, MD, USA). Minimal essential medium
(DMEM) was bought from Hyclone (Logan, UT, USA).
The Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Molecular Technology (Japan). The prime script
RT Master Mix kit and TBGreen ® Premix Ex Taq ™ kit were
both obtained from Takara Biotechnology (Otsu, Shiga,
Japan). The XF Cell Mito Stress Test (for OCR) Kit, XF Gly-
colysis Stress Test (for ECAR) Kit, XFe96 FluxPak mini, XF
DMEM Base Medium, XF 1.0M Glucose Solution, 100 mM
XF Pyruvate Solution, and 200 mM XF Glutamine Solution
were obtained from Agilent (Seahorse Bioscience, USA).
The primary antibodies against MMP9, MMP13, and
PFKFB3 were purchased from Abcam (Cambridge, UK).
Primary antibodies including ERK, JNK, p38, phospho-
ERK (Tr202/Tyr204), phospho-]NK (Tr183/Tyr185), phos-
pho-p38, IKKp, phospho-IKKa/f, IxBa, phospho-IxBa,
P65, phospho-P65, and f-actin and the secondary antibody
were purchased from Cell Signaling Technology (CST, Dan-
vers, MA, USA). All the antibodies mentioned except f-
actin are rabbit anti-mouse.

2.2. NP Primary Cell (NPP) Isolation. Pentobarbital sodium
50 mg/kg (body weight) was injected intraperitoneally
into 4-week-old SD rats for euthanasia. After that, the
NP tissues were obtained from the caudal discs (Col-
Co6) and then digested for 2 hours by 0.25% type II
collagenase at 37°C, 21% O,, and 5% CO, incubator.
Then, the mixture was centrifuged, and cells were sepa-
rated, resuspended, and seeded (DMEM with 10% FBS
and 1% penicillin-streptomycin) in a culture plate plac-
ing on 37°C, 21% oxygen, and 5% carbon dioxide
incubator.
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FiGure 2: KAN0438757 (KAN) alleviated tumor necrosis factor-a- (TNF-a-) induced extracellular matrix (ECM) degradation of nucleus
pulposus primary (NPP) cells both in vitro and in vivo. (a) PFKFB3 expression levels after negative control, TNF-a, TNF-« with 2.5 uM
KAN treatment for 24 hours in NPPs. (b) The gray levels of PFKFB3 were quantified and normalized to f-actin using Image]. n=3. (c)
Expression of the anabolism and catabolism gene matrix metalloproteins (MMPs) 3, 7, 9, and 13 and aggrecan after negative control,
TNF-«, and TNF-a with 2.5 yM KAN treatment for 24 hours in NPPs. n=3. (d) MMP3 and MMP9 expression levels after negative
control, TNF-«, and TNF-« with 2.5 uM KAN treatment for 24 hours in NPPs. (e) The gray levels of MMP3 and MMP9 were quantified
and normalized to f-actin using ImageJ. n = 3. (f) Immunohistochemical staining of MMP3 and MMP 9 expressions. Scale bar = 300 ym.
(g) Alcian blue staining of NP primary cells (P2 generation) on high-density culture after negative control, TNF-«, and TNF-a with
2.5uM KAN treatment for 7 days. Scale bar =2 mm, 400 ym. (h) The integrated optical density (IOD) value was calculated to evaluate
the extracellular matrix (ECM) of NP primary cells after the indicated treatment. n=4. Data are expressed as mean + SD. ns: no
significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

2.3. Cell Counting Kit-8 (CCK-8) Assay. The cell prolifera- ~ M200 Pro multimode microplate reader using a spectro-
tion and toxicity effects of KAN on NPPs were measured  photometer at 450 nm (Tecan Life Sciences, Mannedorf,
using the CCK-8. More specifically, to determine toxicity, = Switzerland).

the NPPs were seeded triplicately into 96-well plates at 8

%107 cells per well in presence of various concentrations  2.4. High-Density Culture. To assess the ECM secretion abil-
of KAN (control (0), 156.25, 312.5, 625, 1250, 2500, and ity effect of KAN, 104l medium micromasses containing
5000nM) and cultured for 24h. As for proliferation, 96-  approximately 1.2 x 10° NPPs were seeded in the middle at
well plates were seeded with NPPs in triplicate at 2x 10> the bottom of a 24-well plate first. Then, the plate was placed
cells per well for 24 hours first. Then, KAN concentrations  ina 37°C, 21% O,, and 5% CO, incubator for 90 min for the
of control, 156.25, 312.5, 625, 1250, 2500, and 5000nM  attachment of NPPs to the bottom. After that, 500 uL of
were added into the wells for 24, 48, 72, and 96 hours. = MEM/F12 medium (2% FBS and 10 ng/mL of Insulin Trans-
Cells were incubated at 37°C for 2 hours with 10uL of ferrin Selenium (ITS)) was added into the plate. The
the CCK-8 reagent after each experimental period. The  medium was changed every two days; These micromasses
optical density values were measured on the Infinite  were stained with Alcian blue at the day 7.
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FiGureg 3: KAN0438757 (KAN) inhibited the NF-«B signaling pathway and subsequent p-P65 nuclear translocation, as well as the MAPK
signaling pathway. (a) The NF-«B signaling pathway protein expression levels after negative control, TNF-«, and TNF-a with 2.5 yM KAN
treatment for 10 and 30 min in NPPs. (b) The MAPK signaling pathway protein expression levels after negative control, TNF-a, and TNF-«
with 2.5 uM KAN treatment for 10 and 30 min in NPPs. (c) The gray levels of p-IKKa/p, p-IkBa, and p-P65 were quantified and normalized
to their respective total protein using Image]. (d) The gray levels of p-ERK, p-JNK, and p-P38 were quantified and normalized to their
respective total protein using ImageJ. (e) Nuclear translocation of p-P65 after negative control, TNF-«, and TNF-a with 2.5 yM KAN
treatment for 15 min, visualized by immunofluorescence. Scale bar =20 yum and 5pym. Data are expressed as mean + SD, n=3. ns: no

significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

2.5. Seahorse Metabolic Flux Analysis. NPPs were plated in
XF-96 cell culture plates at 6 x 103/well (Seahorse Biosci-
ence, USA) for the first 24 hours. Then, the cells were treated
with control, TNF-a, or TNF-a plus 2.5uM KAN for the
next 24 hours. The measurements of oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were
carried out according to standard protocols, and the results
were detected with the Seahorse XF-96 Flux Analyzer (Sea-
horse Bioscience), as previously described [25]. In the OCR
assay, 1.5uM oligomycin, 2.5uM FCCP, rotenone, and
0.5uM antimycin A were used to stimulate cells. In the
EACR assay, 10 mM glucose, 2 yuM oligomycin, and 50 mM
2-DG were used to stimulate cells. Additionally, the OCR
and ECAR changes were used to calculate OXPHOS charac-
teristics as well as glycolysis parameters (as described in Sup-
plementary Figure 1).

2.6. Immunofluorescence Assay. In a 6-well plate, 2 x 10° per
well NPPs was seeded and cultured for 12 hours. After that,
the treatment group was pretreated with the serum-free
DMEM in the presence of 2.5 M KAN for 2 hours; then,
15min 20 ng/mL TNF-« stimulation, 10 min paraformalde-
hyde (4%) fix, and 10 min 0.2% Triton X-PBS permeabiliza-
tion were performed on NPPs. The phospho-p65 primary
antibody (1:200 dilution, Cell Signaling Technology, Dan-
vers, MA, USA) was then incubated with cells overnight at

4°C after 10% goat serum blocking. After three times wash-
ing with PBS on the next day, the cells were incubated at
dark with the Alexa Fluor 594 conjugate anti-rabbit second-
ary antibody for 1 hour (1:500, Cell Signaling Technology,
Danvers, MA, United States). The cell nucleus was shown
by 4',6—diamidino—2—phenylindole (DAPI) after 3 min incu-
bation (Sigma-Aldrich, St. Louis, MO, United States).
Finally, digital fluorescence results were observed, and
images were captured by the Leica fluorescence microscope
(Olympus, Inc., Tokyo, Japan).

2.7. Protein Extraction and Western Blot (WB) Analyses. To
figure out the effect of KAN on the catabolic or anabolic pro-
teins, 3 x 10° cells/well NPPs were cultured in DMEM on 6-
well plates for 24 hours. The NPPs were then treated with
control, TNF-a, or TNF-a plus 2.5uM KAN for 1 day. As
for the effect of KAN on the phosphorylated proteins
(short-time activated), 5 x 10° cells/well NPPs were cultured
in DMEM on 6-well plates for 24 hours. The treatment
group cells were then pretreated with 2.5uM KAN for 2
hours with serum-free DMEM. 2 hours later, 10 and
30min of TNF-a (20ng/mL) stimulation were performed
on the TNF-« group and the treatment group. After that,
RIPA lysis buffer plus phosphatase and protease inhibitors
(1:100 dilution, Roche, Basel, Switzerland) were used to,
respectively, extract total cellular proteins at indicated time



points. According to the standard protocol of the bicincho-
ninic acid protein quantification kit, protein concentrations
were then quantified (Thermo Fisher Scientific, Waltham,
MA, United States). Standard western blot experiments were
performed as previously described [26]. Primary antibodies
(B-actin, 1:1000; ERK, 1:1000; JNK, 1:1000; p38, 1:1000;
IKKp, 1:1000; IxBa, 1:1000; P65, 1:1000; MMP9, 1:1000;
MMP13, 1:1000; PFKFB3, 1:1000; p-JNK, 1:1000; p-ERK,
1:1000; p-p38, 1:1000; p-IKKa/f3, 1:500; p-IxBa, 1:1000;
p-P65, 1:500) incubated overnight at 4°C. Membranes were
extensively washed in TBST for three times on the next day.
The secondary antibody (anti-rabbit or anti-mouse IgG (H
+L; 1:5000 dilution; Cell Signaling Technology, Danvers,
MA, United States)) was subsequently incubated with the
membranes for 1 hour at RT in the dark. Finally, the LI-
COR Odyssey fluorescence imaging system was used to
detect the reactivity (LI-COR Biosciences, Lincoln, NE,
United States), and the Image] software was used to measure
the grey values of each protein (National Institutes of
Health, United States).

2.8. RNA Extraction and Real-Time Quantitative PCR (RT-
qPCR) Analyses. To explore the effect of KAN on catabolic
or anabolic-related genes, 3 x 10° cells/well NPPs were cul-
tured in DMEM on 6-well plates. 24 hours later, the NPPs
were cultured with control, TNF-a, or TNF-« plus 2.5 uM
KAN for 24 hours. Total RNA was extracted using the Axy-
gen RNA Miniprep Kit (Axygen, Union City, CA, USA)
when the culture was completed. The Prime Script RT Mas-
ter Mix kit was then used to reverse transcript the RNA to
cDNA. Standard PCR (RT-qPCR) analyses were then per-
formed as described previously [26]. Using the 2 - AACT
method, relative mRNA expression levels were calculated
and normalized to the S-actin expression. All primer pairs
(Table 1) were designed by NCBI BLAST.

2.9. Histology and Immunohistochemical Staining Analyses.
After 4% paraformaldehyde fixing for 48 hours, IVD tissue
samples were decalcification in the 10% EDTA for 21 days
and then embedded into paraffin blocks. After being sub-
jected to 5 ym thickness histological sectioning, hematoxylin
and eosin (H&E) staining and safranin O-fast green staining
were then processed for histological assessment under stan-
dard laboratory protocols. All sections were captured using
the high-quality microscope (Leica DM4000B). The histo-
logical score was evaluated based on the standard evaluation
of 5 categories of degenerative changes [27]. For immuno-
histochemical evaluation, tissue sections were first dewaxed
by graded xylene and standard alcohol gradients. After
washing with PBS and water, 10% goat serum was used to
block for 30 min at RT. Subsequently, the sections were incu-
bated with the primary antibodies (anti-MMP9 and anti-
MMP13 purchased from Servicebio, Wuhan, China) over-
night at 4°C. The next day, the appropriate horseradish per-
oxidase labeled secondary antibody was incubated with the
sections for 1 hour at RT and then developed with diamino-
benzidine solution. Finally, all sections were captured under
a high-quality microscope (Leica DM4000B).

Oxidative Medicine and Cellular Longevity

2.10. Immunofluorescent Staining Analyses. Slices were proc-
essed of graded xylene deparaffinization, graded alcohol
solution hydration, antigen retrieval, permeabilization, and
blocking before immunofluorescent staining. Then, primary
antibody incubation (anti-interleukin- (IL-) 18 and anti-
collagen 2; dilution 1:100) (Cell Signaling Technology, Dan-
vers, MA, United States; Abcam, Cambridge, United King-
dom), secondary antibody incubation, and nuclear staining
were performed on these slides. The high-quality Leica
DM4000 B epifluorescence microscope (Leica Microsystems
GmbH) was used to observe and photograph the digital fluo-
rescence images, and the ImageJ software was used to mea-
sure the IOD value.

2.11. Image Analysis and Disc Height Index Measurement.
Cabinet X-ray imaging and irradiation systems (Faxitron
Bioptics, LLC, Wheeling, IL, USA) were used to visualize
the X-ray imaging of IVDs. Under identical acquisition
parameters and imaging conditions, digital images were used
to capture at 45kVp. The disc height index of these IVDs
was measured and normalized to sham group [28]. The cal-
culated values were the average of three measurements per
disc.

2.12. Animals and Surgical Procedures. The male Sprague-
Dawley rats (Shanghai Lab, Animal Research Center Co.,
Ltd., China) used in this research were carefully housed
(12h day/night cycle, pathogen-free conditions, 26-28°C,
and 50-65% humidity). When rats were housed to the age
of eight weeks old, pentobarbital sodium (5mg/100g body
weight) was used to anesthetize them by intraperitoneal
injection before surgical procedures. The iodinated polyvi-
nylpyrrolidone was first used for sterilization, and then, a
ventral longitudinal skin incision was made over the tail.
The revealed coccyx vertebrae (Co) 3-7 intervertebral discs
were selected for experiments (the Co3/4 IVDs: sham con-
trols; the Co4/5, Co5/6, and Co6/7 IVDs: a 20-gauge sterile
needle-oriented perpendicular puncture to the skin at the
center of the disc and rotating once to make sure insertion
level through the AF, into the NP). Surgical exposure was
repeated after one week recover under the sutured incision
state, and Co4/5, Co5/6, and Co6/7 IVDs were separately
injected with 50 yuL vehicle, low-dose KAN (2.5uM), and
high-dose KAN (5uM). After incision suture and 4 weeks
of recovery, all experiment rats were sacrificed. The tails
were extracted and cleaned of soft tissues and then fixed in
4% PFA.

All animal experiments were authorized by the Institu-
tional Animal Care and Ethics Committee of the Shanghai
Ninth People’s Hospital, Shanghai Jiaotong University
School of Medicine. All animals were operated in accordance
with the Guidelines for Animal Treatment of Shanghai Jiao-
tong University and the principles and procedures of the
National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals.

2.13. Statistical Analysis. All data were expressed in the form
of mean + standard deviation. The comparison between the
experimental group and the control group was conducted
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FiGure 4: Continued.
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FIGURE 4: Metabolic reprogramming effects of KAN0438757 (KAN) on tumor necrosis factor-a- (TNF-a-) induced metabolism phenotype
of nucleus pulposus primary (NPP) cells in vitro. (a) Normalized OCR of NPPs after negative control, TNF-«, and TNF-« with 2.5 yM KAN
treatment for 24 hours. (b) Normalized ECAR of NPPs after negative control, TNF-«, and TNF-« with 2.5 uM KAN treatment for 24 hours.
(c) Effects of KAN on basal respiration, maximal respiration, and spare respiratory capacity in OCR assay. (d) Effects of KAN on glycolysis,
glycolytic capacity, and glycolytic reserve in ECAR assay. (e) Modified KAN reprogrammed the energy metabolism phenotype of TNF-a-
inducted NPPs. Data are expressed as mean + SD, #n = 3. ns: no significance; *p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.0001.

by the 2-tailed, unpaired Student’s t-test, or one-way
ANOVA with Tukey’s post hoc test. Moreover, significant
differences in ordinal data between study groups were
assessed by the Friedman test with Dunn’s post hoc test. Sta-
tistical significance was calculated to be at no significant
(ns); *p<0.05 **p<0.01; ***p <0.001; ****p < 0.0001. All
results were calculated and analyzed by Prism 8 (GraphPad
Software Inc., San Diego, CA, USA).

3. Results

3.1. Effects of KAN on NPP Cytotoxicity and Proliferation.
The KAN’s chemical structure is presented in Figure 1(a).
To investigate the proliferation and cytotoxicity effects of
KAN on NPPs, the CCK-8 assay was performed under dif-
ferent cell numbers. 8,000/well NPPs were first seeded in
96-well plates and cultured for 24 h with various concentra-
tions of KAN (control (0), 0.15625, 0.3125, 0.625, 1.25, 2.5,
or 5uM) for cytotoxicity analysis, and no cytotoxicity was
found in KAN under the concentration of 5uM
(Figure 1(b)). For proliferation effects, NPPs were seeded
at a density of 2,000/well in 96-well plates and cultured with
various concentrations of KAN (control (0), 0.15625, 0.3125,
0.625, 1.25, 2.5, or 5uM) for 24, 48, 72, and 96 hours. The
number of NPPs with any concentration of KAN has no sig-
nificant variations compared with the control (0) group at
any time point (Figures 1(c)-1(f)). Thus, the KAN has no
effect on the proliferation of NPPs under the concentration
of 5uM. According to the above experiments, 2.5uM of
KAN was selected to be used in subsequent experiments.

3.2. KAN Alleviated TNF-a-Induced ECM Degradation of
NPPs. The inhibitor effect of KAN was firstly identified by
significantly reduced protein expression of PFKFB3 in the
treatment (TNF-a plus KAN) group compared with the
upregulated expression in the TNF-a group (Figures 2(a)
and 2(b)). To further explore KAN’s role on ECM degrada-
tion, the anabolism and catabolism factors of ECM were
detected by RT-qPCR in vitro. After that, the MMP3,
MMP7, MMP9, and MMP13, which are catabolism-related
genes, also partly recovered in mRNA levels after KAN treat-
ment. Meanwhile, the mRNA expression of aggrecan, which
is related to anabolism, also partly reversed in the treatment
group (Figure 2(c)). Furthermore, the similar change in pro-
tein level detected by the WB experiment of MMP9 and
MMP13 in vitro (Figures 2(d) and 2(e)) and the immunobhis-
tochemical staining of MMP9 and MMPI13 in vivo
(Figure 2(f)) further corroborated the results above. More
intuitively, Alcian blue staining was used to reflect the vari-
ation of ECM after TNF-« induction and KAN treatment
in NPPs. As shown in Figures 2(g) and 2(h), the indicated
concentration KAN treatment reversed the ECM loss in
the NPPs high-density culture induced by TNF-a, while no
difference between the KAN alone group compared with
the control group. In general, these results demonstrated
that KAN alleviates TNF-a-induced ECM degradation of
NPPs.

3.3. Effects of KAN on TNF-a-Induced NF-xkB and MAPK
Signaling Pathway and Glycolysis Energy Metabolism
Phenotype in NPPs. As previously reported, PFKFB3 inhibi-
tor PFK15 could memorably repress inflammation (NF-xB
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FiGure 5: KAN0438757 (KAN) ameliorated the progression of intervertebral disc degeneration (IVDD) in a rat tail disc puncture model
in vivo. (a) The rat coccyx vertebrae X-ray images at 4 weeks after treatment from each group. (b) Quantitative analysis of disc height
index (DHI, %) of IVDs in mice at 4 weeks after treatment in each group. n = 6. (c) Hematoxylin and eosin staining and safranin O-fast
green staining of intervertebral discs (IVDs) from each group at 4 weeks after treatment. Scale bar=500um and 200um. (d)
Quantitative analysis of histological scores of IVDs in mice at 4 weeks after treatment in each group. n =6. (e) Interleukin- (IL-) 1 and
Col2al immunofluorescence staining of IVDs from each group at 4 weeks after treatment. Scale bar = 100 ym. (f, g) Quantitative analysis
of IOD (IL-1 and Col2al) of IVDs in mice at 4 weeks after treatment in each group. n=5. Data are expressed as mean + SD. ns: no

significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

and MAPK signaling pathways) and block the glycolysis of
osteoclasts simultaneously [23]. To investigate whether the
underlying mechanisms of the KAN’s effects on anabolism
and catabolism on NPPs were similar to PFK15, NPPs were
firstly pretreated with KAN for 2 hours and then treated
with another 10 or 30 min of TNF-a stimulation. After that,
we observed the classical NF-xB signaling pathway transduc-
tion factor change, including the inhibitor of nuclear factor
kappa B kinase (IKK), an inhibitor of nuclear factor kappa
B (IxB), and NF-«B (p65). As we expected, the IKK, I«B,
and p65 phosphorylation were promoted with TNF-a induc-
tion while reversed after KAN treatment (Figures 3(a) and
3(c)). Moreover, immunofluorescence staining further
showed that subsequent p-p65 nucleus translocation was

also reversed after KAN treatment (Figure 3(e)). Meanwhile,
another important signaling pathway mentioned, the MAPK
signaling pathway, was also explored. Our western blot
experiments demonstrated that the recovery effect of KAN
was similarly observed in the phosphorylation of MAPK sig-
naling pathway proteins, including JNK, p38, and extracellu-
lar signal-regulated kinases (ERKs) (Figures 3(b) and 3(d)).
In a word, these results indicated that KAN could signifi-
cantly reverse the TNF-a-induced NF-«B and MAPK path-
way activation in NPPs.

Furthermore, the potential ability of KAN on NPP
energy metabolism reprogramming was a novel direction
that we totally interested in. Thus, the Seahorse extracellular
flux analysis was performed to detect the OCR and ECAR of
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FIGURE 6: Schematic representation of the molecular mechanism of the article (created with http://BioRender.com).

NPPs according to the instructions (Supplementary
Figure 1). For the OCR assay, oligomycin, a mitochondrial
ATP synthase inhibitor, was first used to block part of
mitochondrial basal respiration and calculate ATP
production. Next, the maximal and spare respiratory
capacity was measured by FCCP via uncoupling
mitochondrial respiration. Finally, the total mitochondria
respiration was inhibited by rotenone and antimycin A and
mitochondrial complexes I and III blocker, to display the
nonmitochondrial oxygen consumption. For the ECAR
analysis, enhanced ECAR value after glucose injection
under the glucose-deficient environment indicated the
glycolysis rate, while the further increase of ECAR value
after injection of oligomycin represented the glycolytic
reserve and the peak ECAR value meant glycolytic
capacity. Similarly, the inhibitor of hexokinase, 2-deoxy-D-
glucose (2-DGQ), totally blocked the glycolysis. Therefore,
our results showed that TNF-« induction decreases the
OCR of NPPs compared to normal conditions. However,
the KAN treatment substantially rescued the OCR
impairment caused by TNF-« induction. Specifically, KAN
treatment reprogrammed the TNF-a-induced glycolysis
energy metabolism phenotype of NPPs by promoting spare
respiratory capacity and maximal respiration (Figures 4(a)
and 4(c)). More obvious in the ECAR assay, TNF-«
induction showed enhanced glycolysis rates and glycolytic
capacity than normal conditions, which were also

prominently suppressed by KAN treatment (Figures 4(b)
and 4(d)). On the whole, all these data indicated that KAN
treatment exactly reprogramed the TNF-a-induced
glycolysis metabolic phenotype on NPPs (Figure 4(e)).

3.4. KAN Ameliorated IVDD Progression in the Puncture
Injury Rat Model In Vivo. To explore the therapeutic poten-
tial of KAN on IVDD in vivo, we established IVDD model
(Co 4-5, Co 5-6, and Co6-7) induced by puncture of rat tail
intervertebral disc, and Co 3-4 was used as the sham operation
group. Different concentrations of KAN were separately
administered one week after injury to Co 5-6 and Co 6-7,
and vehicle was injected to Co 4-5. As shown by 4 weeks” X-
ray detection after treatment, the osteophyte of the vehicle
group was obviously observed more than other groups. More-
over, vehicle group’s disc height index (DHI score) was signif-
icantly lower than the sham group, while the KAN treatment
memorably reversed the IVD height in a dose-dependent
manner (Figures 5(a) and 5(b)). Therefore, KAN could reduce
puncture-induced degeneration from the perspective of rat tail
disc imaging detection. Similarly, the alleviated destruction of
the IVD structure in the KAN treatment groups was also dem-
onstrated by H&E staining and safranin O-fast green staining
and the histological score (Figures 5(c) and 5(d)). Further
immunofluorescence staining for IL-1f3 and Col2al was car-
ried out to detect KAN’s effect on inflammation and degrada-
tion of ECM in vivo (Figures 5(e)-5(g)). Coincidentally, the
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results corroborated that KAN substantially reverses the
upregulation of IL-1f and the downregulation of Col2al in
the tail disc tissue of rats. To sum up, these results demon-
strated that KAN intervention is a promising potential thera-
peutic strategy for IVDD.

4. Discussion

IVD degeneration (IVDD) is one of the most common rea-
sons for lumbar disc herniation, spinal stenosis, and subse-
quent lower back pain [29], which has imposed a huge
socioeconomic burden. Nowadays, aging, abnormal biome-
chanical loading, acute trauma, decreased nutrient transport
across the CEPs, smoking, genetic predisposition, and
hyperglycemia have been corroborated as participating in
the occurrence and development of IVDD [30]. Although
NP cell senescence, subsequent ECM degradation, and trig-
gered inflammation are considered to be the three main
molecular mechanisms and therapeutic directions of IVDD
[31], additional molecular mechanisms and underlying ther-
apeutic targets of these causes are still unclear and need to be
explored. In the last decade, acid environment change of
IVD caused by aggravated glycolytic metabolism phenotype
during IVDD, similar to hypoxia environment change, has
been proved to participate and accelerate the whole pro-
cesses of IVDD [12-16]. Thus, therapies targeting an
enhanced glycolytic caused IVD acidic environment are a
new direction worthy to be exploited. KAN, an emerging
selective inhibitor of key rate-limiting metabolic kinase
PFKFB3, has been used to treat colorectal cancer and elevate
the efficacy of interstrand crosslink- (ICL-) inducing cancer
therapies due to the function during DNA damage [32, 33].
However, research on the diseases principally influenced by
its glycolysis regulation function is still blank. Moreover,
considering the inhibition effect of PFK15, another PFKFB3
inhibitor, on glycolysis and inflammation (NF-xB and
MAPK pathways) during metabolic bone disease osteoporo-
sis [23], our studies explored the role of KAN on energy
metabolism reprogramming and inflammation in the pro-
cess of IVDD.

Due to the properties of inflammatory cytokines, partic-
ularly interleukin 18 (IL-1f) and tumor necrosis factor-«
(TNF-a), identified as a major risk factors for decreased
NPP activity and extracellular matrix loss (including aggre-
cans) [34], TNF-a-induced NPP dysfunction and ECM deg-
radation were selected to be studied in our present research.
We demonstrated that nontoxic concentration KAN treat-
ment could strongly reverse TNF-a-induced degradation of
ECM. Specifically, after TNF-a induction, the upregulated
MMP family (MMP3, MMP7, MMP9, and MMP13) mRNA
expression related to catabolism [35] and the downregula-
tion of Aggrecan related to anabolism [36] both partly
recovered after KAN treatment. Our next western blot and
immunohistochemical staining experiments of the MMP9
and MMP13 further authenticated the consistent change in
protein level. Furthermore, NPP high-density culture which
could observe the ECM variation more intuitively [37]
showed that KAN treatment reversed the ECM loss after
TNEF-« stimulation. In general, we demonstrated the rescue
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effect of KAN on ECM degradation. The underlying mecha-
nisms were also revealed. Although a lot of signaling path-
ways, such as NF-«B, phosphatidylinositol-3-kinase (PI3K),
MAPK, and Wnt signaling pathways, had been reported to
mediate ECM metabolism or cell apoptosis after inflamma-
tion stimulation in the NPPs [38-41], we mainly focus on
NF-xB and MAPK signaling pathways that were reported
on PFK15 research. According to the report about the deci-
sive role of TNF-a-induced NF-xB signaling pathway activa-
tion and subsequent p-p65 nuclear translocation in the onset
and development of IVDD [42, 43], we performed western
blot and immunofluorescence experiments to identify
whether the above conclusion exists in our research and
the results corroborated the inhibiting effect of KAN on
NF-«B signaling pathway activation and p-p65 nuclear
translocation. Similarly, the repressing effect of KAN on
the MAPK signaling that is important for ECM synthesis
and degradation [44] was also demonstrated by the down-
regulated protein expressions of phosphorylated JNK, ERK,
and p38. Taken together, our studies firstly authenticated
the inhibiting effect of KAN on TNF-a-induced conven-
tional NF-xkB and MAPK signaling pathways to alleviate
the ECM degradation.

A more attractive role of KAN is the potential of repro-
gramming energy metabolism. Acid environment variation
caused by NPPs aggravated glycolytic metabolism pheno-
type during IVDD had been demonstrated to enhance the
lactate production and its efflux to ECM, which promoted
the activation of NLRP3 inflammasome and the NPP extra-
cellular matrix degeneration [45]. The terminal of persistent
environment pH decline was the formation of a consistent
vicious cycle that is environment acidification-
inflammation initiate and ECM degradation-NPP senes-
cence or death, which accelerates every process of IVDD.
Therefore, energy metabolism reprogramming therapies
are extremely valuable. In this research, we explored the
explicit function of KAN treatment on energy metabolism
reprogramming by the Seahorse extracellular flux analysis.
The change of OCR and ECAR demonstrated the obvious
glycolytic metabolism phenotype in TNF-a-induced NPPs.
At the same time, KAN treatment partly reversed the reduc-
tion of spare respiratory capacity and maximal respiration
and the increase of glycolysis rates and glycolytic capacity.
All in all, our studies firstly corroborated KAN’s energy
metabolism reprogramming effect on TNF-a-induced gly-
colysis metabolic phenotype on NPPs.

Finally, we identified the therapeutic potential of KAN
on the rat tail disc puncture-induced IVDD model in vivo.
In our X-ray examination, the reduced DHI score of the
vehicle group was memorably reversed in the high-dose
KAN treatment group. Moreover, our H&E staining and saf-
ranin O-fast green staining showed more closer IVD struc-
ture of KAN treatment groups to the sham group,
compared with the disordered structure of the vehicle group.
Furthermore, immunofluorescence staining results mani-
fested the inflammatory factor repression and ECM reserva-
tion effect of KAN in vivo. To sum up, these results
demonstrated that KAN intervention is a promising poten-
tial therapeutic strategy for IVDD.
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However, as the original research exploring the effect of
KAN on NPPs and IVDD, we still have many limitations.
Firstly, the intermediator between KAN and inflammation
signaling pathways (NF-«B and MAPK) remains to be
revealed, and whether and how KAN influences other sig-
naling pathways, such as PI3K, and Wnt signaling pathway
is still unclear. Secondly, the ER stress [46], acid-sensing
ion channel [45, 47], and transient receptor potential chan-
nel (TRPV4) [48, 49] are all influenced by pH and partici-
pated in the process of IVDD. Whether KAN regulated
one or more of them to exert energy metabolism reprogram-
ming and anti-inflammation effect during IVDD is worthy
to be explored. Thirdly, Li et al. reported that nine cell types
were identified in human normal nucleus pulposus (NNP)
cells and human degenerative nucleus pulposus (DNP) by
single-cell transcriptome sequencing [50]. According to the
effect of PFKFB3 inhibition on ECs and OCs that had been
proved in other research [20, 23], the inhibitory role of
KAN on ECs and macrophages in NP could be partly fore-
casted. However, the research on the KAN effect on T cells,
neutrophils, and different nucleus pulposus subsets is still
blank and remains to be explored to better demonstrate
whether it affects the process of human IVDD and its poten-
tial application value in humans. Moreover, the therapeutic
effect of KAN on IVDD has only been explored and demon-
strated in the rat tail intervertebral disc puncture model,
which is not enough to achieve clinical application before
the other IVDD models on rats, rabbits, and even monkeys
have been authenticated.

5. Conclusion

Anyway, our research successfully demonstrated the poten-
tial therapeutic effect of KAN on IVDD and declaimed its
mechanisms of both novel energy metabolism reprogram-
ming and conventional anti-inflammation effect, which pro-
vided a fresh direction for researchers focusing on the
influence of the IVD environment during the development
of IVDD (Figures 6). Moreover, these results demonstrated
that KAN intervention or PFKFB3 inhibition is a promising
potential therapeutic strategy for IVDD in the future.
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Unbalanced metabolism of an extracellular matrix (ECM) in nucleus pulposus cells (NPCs) is widely acknowledged as the primary
cause of intervertebral disc degeneration (IDD). Irisin, a novel myokine, is cleaved from fibronectin type III domain-containing 5
(FNDCS5) and has recently been proven to regulate the metabolism of ECM. However, little is known about its potential on NPCs
and the development of IDD. Therefore, this study sought to examine the protective effects and molecular mechanism of irisin on
IDD in vivo and in vitro. Decreased expression levels of FNDC5 and anabolism markers (COL2A1 and ACAN) but increased
levels of catabolism markers (ADAMTS4) were found in degenerative nucleus pulposus (NP) tissues. In a punctured-induced
rat IDD model, irisin treatment was found to significantly slow the development of IDD, and in TNF-a-stimulated NPCs,
irisin treatment partly reversed the disorder of ECM metabolism. In mechanism, RNA-seq results suggested that irisin
treatment affected the Hippo signaling pathway. Further studies revealed that with irisin treatment, the phosphorylation levels
of key factors (LATS and YAP) were downregulated, while the expression level of CTGF was upregulated. Moreover, CTGF
knockdown partially eliminated the protective effects of irisin on the metabolism of ECM in NPCs, including inhibiting the
anabolism and promoting the catabolism. Taken together, this study demonstrated that the expression levels of FNDC5 were
decreased in degenerative NP tissues, while irisin treatment promoted the anabolism, inhibited the catabolism of the ECM in
NPCs, and delayed the progression of IDD via LATS/YAP/CTGF signaling. These results shed light on the protective actions
of irisin on NPCs, leading to the development of a novel therapeutic target for treating IDD.

1. Introduction

Intervertebral disc degeneration (IDD), regarded as an inte-
gral part of the aging process [1, 2], is characterized by
unbalanced metabolism of extracellular matrix (ECM), tis-
sue dehydration, cracks in the annulus fibrosus, and destruc-
tion of endplate cartilage [3-5]. Although the pathogenesis

of IDD is complex and diverse, impaired ECM metabolism
is widely considered to be the core pathological change,
including downregulated levels of anabolism markers and
upregulated levels of catabolism markers [6, 7]. As degener-
ation proceeds, more inflammatory mediators are secreted
by nucleus pulposus cells (NPCs), causing the secretion of
matrix-degrading enzymes and aggravating the unbalanced
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metabolism of ECM, including the upregulation of anabo-
lism markers and downregulation of catabolism markers,
which finally accelerate the progression of IDD [8-10].

TNF-« is one of the IDD-related inflammatory cyto-
kines, which induces the expression levels of matrix-
degrading enzymes and other inflammatory factors in NPCs
and thus exacerbates the inflammatory response and acceler-
ates the progression of IDD [11-13]. In addition, as
reported, intradiscal injection with the TNF-a reagent was
considered to be a practicable way to construct a disc degen-
eration animal model [14]. Moreover, it had been reported
that TNF-a was involved in the nerve irritation and
ingrowth, inducing disc degeneration and increasing the
painful behavior in an animal model [15, 16]. Collectively,
searching the effective way to alleviate the inflammatory
response and unbalanced ECM metabolism induced by
TNF-« in NPCs appears vital in the treatment of IDD.

Irisin is a soluble polypeptide fragment with 112 amino
acids, formed by the cleavage of type III fibronectin compo-
nent including protein 5 (FNDC5) [17]. Expanding evidence
has revealed that irisin is involved in various pathophysiolo-
gical processes including musculoskeletal metabolism, lipid
and glucose metabolism, neural regulation, inflammation,
and degenerative diseases [17-20]. Likewise, accumulating
studies have shown that irisin plays an essential role against
the progression of skeletal degenerative diseases such as
osteoporosis and osteoarthritis [21-24]. Besides, it has been
reported that irisin is a powerful regulator of the metabolism
of ECM, including upregulating the levels of COL2A1 and
ACAN and downregulating the productions of matrix-
degrading enzymes in chondrocytes [25, 26]. As yet, how-
ever, much remains unknown about irisin’s effects on the
regulation of ECM metabolism in NPCs in the progression
of IDD.

The Hippo signaling pathway has been regarded as a
conserved transduction pathway with an essential role in
regulating cell cycle and differentiation, maintaining the sta-
bility of the internal environment and tissue regeneration
[27-29]. Recent studies have shown that Hippo signaling
may be involved in the development of IDD. As reported,
the key effector, the yes-associated protein (YAP), was
downregulated, while the phosphorylated YAP protein was
upregulated in degenerative NP tissues [30]. Recently, it
has been reported that YAP mediates the unbalanced ECM
metabolism in NPCs and is found to be regulative in the
progression of IDD [31, 32]. As the target gene of YAP,
the connective tissue growth factor (CTGF), also known as
CCN2, is a secreted peptide consisting of 349 amino acids,
composed of N-terminal signal peptide, intermediate
protein-binding domain, and C-terminal-binding domain
[33]. CTGF has been demonstrated to be involved in many
biological processes such as cell proliferation, differentiation,
adhesion, and angiogenesis [33-35]. More importantly,
CTGF has reportedly shown protective effects on the metab-
olism of ECM in NPCs, including upregulating the levels of
synthesis markers and inhibiting the levels of matrix-
degrading enzymes [36-38]. These studies revealed that the
LATS/YAP/CTGEF axis played a vital role in the progression
of IDD, and as such, further studies are warranted.
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Collectively, this study was aimed at exploring whether
irisin affects ECM metabolism in NPCs and the develop-
ment of IDD. Herein, it was reported that irisin reversed
the disordered metabolism of ECM and ameliorated the pro-
gression of IDD via LATS/YAP/CTGF signaling pathways.
These results provided additional evidence for the potential
use of irisin as a repair reagent on IDD in the future.

2. Materials and Methods

2.1. Antibodies and Reagents. Antibodies against collagen
type II (COL2A1), a disintegrin-like and metalloprotease
with thrombospondin type-1 motif 4 (ADAMTS4), tumor
necrosis factor-alpha (TNF-«), and a disintegrin-like and
metalloprotease with thrombospondin type-1 motif 5
(ADAMTS5) were purchased from Abcam Inc. Antibodies
against matrix metalloproteinase 9 (MMP9), matrix metallo-
proteinase 13 (MMP13), connective tissue growth factor
(CTGF), and Hippo signaling relative proteins (LATSI,
LATS2, YAP, and phosphor-YAP) and goat anti-rabbit and
anti-mouse IgG secondary antibodies were purchased from
Cell Signaling Technology Inc. Antibodies against GAPDH
and S-tubulin were purchased from Proteintech Group Inc.
Antibody against fibronectin type III domain-containing
protein 5 (FNDC5) was purchased from Bioss Inc. An irisin
reagent was purchased from Novoprotein, and a verteporfin
reagent was purchased from MedChemExpress, while a
human TNF-alpha reagent was from R&D Systems. The cata-
log numbers and company brands of reagents used in this
study are listed in the Supplementary Table 3.

2.2. Human Nucleus Pulposus Specimens. Tissues used in this
study were obtained from Sun Yat-sen Memorial Hospital of
Sun Yat-sen University (Guangzhou, China). A total of three
normal and six degenerative human NP specimens were
obtained in this study. The degenerative nucleus pulposus
tissues were collected from patients who underwent discect-
omy surgery due to disc herniation, while control specimens
were obtained from patients who underwent surgery due to
trauma without disc degeneration. After being collected, the
tissues were fixed, embedded, and sectioned for use in experi-
ments. Any extra tissues were put through a high-throughput
tissue grinder for total RNA and protein extraction.

2.3. Puncture-Induced Rat IDD Model. Animal experiments
were approved by the Institutional Research Ethical Com-
mittee of Sun Yat-sen University (No. SYSU-IACUC-
2022-B0403). As previously described [32], briefly, a total
of eighteen 12-week-old rats were housed in a vivarium
with a 12-hour light/dark cycle. After being anesthetized,
the rats were placed on a board, and 21 G needle punctures
were performed in two adjacent caudal intervertebral discs
at a depth of approximately 5mm. After 1 minute, the nee-
dles were rotated 180 degrees and located for another 1
minute and then pulled out. The rats were divided into three
groups: the control group, the punctured group, and the
punctured with irisin treatment group. Irisin (100 ug/kg)
was injected intraperitoneally once a week in the punctured
with irisin treatment group, and PBS (100 ug/kg) solution
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was injected intraperitoneally once a week in the control
group and the punctured group. After 4 weeks, a micro-
MRI was performed and the degeneration of disc was
assessed by the Pfirrmann grading system.

2.4. Human Nucleus Pulposus Cell Cultures. Human nucleus
pulposus cells were purchased from ScienCell. Cells were
incubated in human NP cell medium (ScienCell) with fetal
bovine serum and antibiotics. When the confluence reached
about 70%-90%, the cells were trypsinized, counted, and
passaged. Cells from passages 4 to 7 were cultured in 6-
well plates with about 8 ml medium. When they adhered,
the medium was changed and the following treatments were
performed.

2.5. Real-Time qPCR. Total RNA was extracted from cells or
tissues with the Trizol reagent. Using RNA-iso Plus reagent
and PrimeScript RT Master Mix (TaKaRa, Dalian, China),
the RNA was converted to cDNA, and then, gPCR was per-
formed. Firstly, the mix was heated to denaturation at 95°C
for 5 minutes, and then, 40 cycles were performed (95°C
for 10 seconds, 60°C for 20 seconds, and 72°C for 20 sec-
onds). Finally, the dissolution curve was measured and the
mRNA expression levels of different genes were calculated
and analyzed, referring to the level of the GAPDH gene.
The primers’ sequences used in this study are listed in Sup-
plementary Table 1.

2.6. Immunohistochemistry. Human and animal tissues were
obtained and fixed with 4% paraformaldehyde for 24 to 48
hours and then decalcified and embedded in paraffin. The
tissues were cut into sections about 5pm thickness. After
being treated with 0.1% Triton X-100 solution, the sections
were incubated with 3% peroxidase and then washed with
PBS. For blocking, the bovine serum albumin was then used
at room temperature for half an hour. After being incubated
with antibodies (anti-COL2A1, anti-ACAN, anti-ADAMTS4,
anti-TNFq, anti-MMP9, and anti-YAP) overnight, the Histos-
tain Plus Kit (ZSGB-Bio, Beijing, China) was used for IHC
analysis. Finally, an Olympus BX63 microscope was used for
photographing. The dilutions of antibodies used in the study
are listed in Supplementary Table 2.

2.7. Western Blot Analysis. Proteins from tissues and adher-
ent cells were extracted using RIPA lysis buffer. Then, sam-
ples were added to SDS-PAGE to separate different proteins
and transferred to PVDF or NC membranes. Subsequently,
5% nonfat dry milk was used for blocking, and the desig-
nated antibodies were added at 4°C overnight. Next day,
the membranes were washed with PBS, and the secondary
antibodies were added for 1 hour at 37°C. Finally, they were
visualized using an ECL kit (Millipore), and the bands were
quantified using Image]J software. The dilutions of antibodies
used in the study are listed in Supplementary Table 2.

2.8. Immunofluorescence. For cell immunofluorescence, the
glasses were put in 24-well plates, and nucleus pulposus cells
were seeded for about 24 h under different treatments. Next,
the cells were fixed, blocked, and incubated with antibodies
overnight. The next day, secondary antibodies were used

for additional incubation for 1 h at 37°C, and then, they were
labelled with DAPI For tissue immunofluorescence, the
tissues were decalcified, embedded, and treated with 0.1%
Triton X-100 solution and bovine serum albumin. Then,
they were incubated with antibodies at 4°C overnight. The
next day, the tissues were incubated with secondary anti-
bodies for 1h, and then, they were labelled with DAPI.
Finally, an Olympus BX63 microscope was used for photo-
graphing. The dilutions of antibodies used in the study are
listed in Supplementary Table 2.

2.9. HE Staining and Safranin-O-Fast Green Staining. After
being fixed, decalcified, dehydrated, and embedded, the rat
intervertebral disc tissues were treated with hematoxylin
for 2 min, followed by eosin for 3 min at 37°C for HE stain-
ing. As for Safranin-O-Fast Green staining, the sections were
stained with Safranin-O for 15 min and then with Fast Green
solution for 2 min. At the indicated time, the sections were
dried and sealed with neutral resin. All sections were photo-
graphed using an Olympus BX63 microscope.

2.10. Cell Viability Assay. The NPCs were plated in 96-well
plates at a density of approximately 1.0 x 10* cells/ml. When
the cells adhered, irisin was added at different concentra-
tions (0, 25, 50, 100, 200, and 400ng/ml) for 24 and 48
hours. At the indicated time, the CCK-8 reagent was added
according to the manufacturer’s instructions. Finally, absor-
bance at 450nm was measured by using the microplate
reader.

2.11. Transcriptome Sequencing and Bioinformatics Analysis.
Genome-wide transcriptional sequencing was performed on
both TNF-a-treated groups and TNF-« with irisin-treated
groups to identify the differential expression levels of RNA.
Sequencing was performed using Oebiotech (Shanghai Co.,
Ltd.). Using the DESeq2 R package, differential expression
analysis was performed between the two groups, and the
expression levels of genes were screened out when the fold
change was larger than 2. Next, Gene Ontology (GO) enrich-
ment analysis, including biological processes, cellular com-
ponents, and molecular function, was performed on the
following website (https://david.ncifcrf.gov). Finally, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
enrichment analysis was performed by Oebiotech (Shanghai
Co., Ltd.).

2.12. Cell Transduction. CTGF-shRNA and control plasmid
vectors were constructed by GeneChem (Shanghai, China).
In brief, when the human NPCs were cultured and reached
70-90% confluence, the CTGF-shRNA plasmids were added
to the medium with the Lipofectamine 3000 reagent. The
concentration of DNA was about 2500 ng per well of the 6-
well plate. After 8 hours, the medium was replaced, and reg-
ular culture was performed for the following experiments.

2.13. Statistical Analysis. The quantitative data shown in this
study are presented as the mean + standard deviation. Two-
tailed Student’s t-tests were conducted for comparisons
between two groups, and the whole statistical analysis was
performed using the SPSS 20.0 statistical software package
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(SPSS, Inc., Chicago, IL, USA). Results were regarded as sta-
tistically significant with a P value of less than 0.05.

3. Results

3.1. Decreased Expression of FNDC5 in Degenerative Human
NP Tissue. Firstly, both the dysregulated ECM metabolism
and inflammation levels were validated between control

and degenerative human NP tissues. As shown in
Figures 1(a) and 1(b), compared with the control group,
the results from IHC revealed that the expression levels of
anabolism markers (COL2A1 and ACAN) were suppressed,
while the expression levels of ADAMTS4 and TNF-a was
elevated, respectively (Figures 1(a) and 1(b)). Next, total
proteins were extracted from tissues. As expected, using
western blot, a decreased level of COL2A1 and increased
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levels of ADAMTS4 and TNF-« were found in degenerative
groups (Figures 1(c) and 1(d)). To elucidate the change of
ENDCS5 in the progression of IDD, the expression level of
the FNDC5 protein was also detected. Less expression of
ENDCS5 was found in degenerative NP tissues (Figures 1(e)
and 1(f)). These results indicated that unbalanced ECM
metabolism, increased TNF-a, and decreased FNDC5
expression levels existed in degenerated NP tissues.

3.2. Irisin Ameliorates the Progression of IDD in a Puncture-
Induced Rat Model In Vivo. To assess the roles of irisin on
the progression of IDD, puncture-induced rat models were
established. The rats were injected with PBS or irisin reagent
at a concentration of 100 ug/kg once a week. After 4 weeks,
the rats were anesthetized, underwent micro-MRI examina-
tions, and then were sacrificed. The results from the MRI T2
phase showed that the water content of NP tissues in the
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punctured group was significantly decreased compared to
that in the controls, whereas irisin treatment reserved this
change partly (Figure 2(a)). Firstly, the expressions of irisin
receptors integrin «V and integrin 35 were detected in the
intervertebral disc tissues (Figure 2(b)). Moreover, histolog-
ical morphology was assessed by HE staining and Safranin-
O-Fast Green staining. The results revealed a disordered disc
structure, accompanied by the loss of a matrix and an
unclear boundary between the annulus fibrosus and NP tis-
sues in the punctured group. Meanwhile, irisin treatment
partially restored the matrix synthesis and maintained the
structure of the intervertebral disc (Figure 2(c)). In addition,
IHC was performed to evaluate the metabolism of ECM.
Compared with the controls, lower expression levels of syn-
thesis markers (COL2A1, ACAN) and higher expression
levels of matrix-degrading enzyme (MMP9) and TNF-«
were found in the punctured group; those changes were also
reversed with irisin treatment (Figure 2(d)). The Pfirrmann
grades and the histological score of the punctured group
were higher than those of the control group, but irisin treat-
ment decreased the scores, respectively (Figures 2(e) and
2(f)). These results revealed that irisin treatment could ame-
liorate the unbalanced metabolism of ECM and alleviate the
development of IDD in vivo.

3.3. Irisin Treatment Restored the Metabolism of the ECM in
TNF-a-Induced NPCs. To determine the effects of irisin on

NPCs, a CCK-8 assay was first performed, in which irisin
treatment was found not to affect cell viability at a concen-
tration below 100ng/ml at both 24 and 48 hours
(Figure 3(a)). Thus, irisin was used for following experi-
ments at a concentration of 100 ng/ml. Subsequently, TNF-
o was used to create an inflammatory microenvironment at
a concentration of 10ng/ml, as previous studies had
reported [8, 9]. The anabolic gene marker COL2AI was
found to be downregulated upon TNF-« treatment, while
the catabolic gene markers (MMP9, ADAMTS4, and
ADAMTS5) were upregulated. These changes were partly
reversed with irisin treatment (Figure 3(b)). Similarly, the
results from western blot were consistent with the mRNA
change (Figure 3(c)). The protein expression level was fur-
ther investigated by immunofluorescence, and it was found
that irisin treatment had an antagonistic effect against
TNF-a-induced ECM metabolism disorder (Figure 3(d)).
Together, these data suggested that irisin inhibited catabo-
lism and promoted anabolism of ECM in TNF-a-stimulated
NPCs.

3.4. Irisin Treatment Affected the Activation of the Hippo
Signaling Pathway. To further explore the potential mecha-
nism of irisin treatment on the progression of IDD, RNA-
seq was performed on human NPCs from both TNF-a-
treated groups and TNF-a plus irisin-treated groups. As
shown in Figure 4(a), a total of 531 genes were identified
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as differentially expressed (fold change >2 and adjusted ¢
value < 0.05). Among these, 212 genes were upregulated
and 319 genes were downregulated with irisin treatment
(Figures 4(a) and 4(b)). Next, Gene Ontology analysis was
performed and the results revealed that inflammatory
response and extracellular matrix disassembly were the
affected terms under irisin treatment (Figure 4(c)). Kyoto

Encyclopedia of Genes and Genomes analysis revealed that
the TNF, NF-«B, and Hippo signaling pathways were mod-
ulated under irisin treatment (Figure 4(d)). Notably, the
expression levels of ADAMTSs (ADAMTS6, ADAMTSS,
ADAMTSY9, and ADAMTS13), MMPs (MMPI, MMP3,
MMPI13, MMP16, and MMP19), and inflammatory factors
(IL-6 and NLRP3) were found to be significantly
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FIGURE 7: Schematic diagram of irisin’s effects on human NPCs. Irisin inhibited the phosphorylation of LATS and YAP proteins induced by
TNF-a, promoting nucleus translocation of YAP and upregulating the expression level of CTGF, thus promoting the expression levels of
matrix synthesis markers (COL2AI and ACAN) and inhibiting the levels of matrix-degrading enzymes (MMPs and ADAMTSs), finally

reversing the unbalanced metabolism of ECM in human NPCs.

downregulated, while the matrix anabolic gene COL2A1
was markedly upregulated in the irisin-treated group
(Figure 4(e)). Collectively, these results indicated that irisin
treatment was involved in different biological processes in
TNF-a-induced NPCs as well as regulating the activation
of the Hippo signaling pathway.

3.5. LATS and YAP Mediated the Effects of Irisin on the ECM
Metabolism in Human NPCs. To further explore the func-
tion of the Hippo signaling pathway in the progression of
IDD, the expression levels of key factors of the Hippo signal-
ing pathway were investigated, and the expression level of
YAP was found to be downregulated in human degenerative
NP tissue (Figure 5(a)). Similar results were detected in
punctured-induced rat intervertebral disc tissues by IHC
(Figure 5(b)). In vitro, it was examined whether the phos-
phorylation levels of LATS and YAP were affected. The
phosphorylation levels of LATS and YAP were found to be
increased in TNF-a-induced NPCs, while irisin treatment
significantly reversed these changes (Figures 5(c) and 5(d)).
Moreover, the results of immunofluorescence revealed that
less YAP was imported into the nucleus after TNF-« stimu-
lation, while irisin treatment clearly promoted YAP to enter
the nucleus in NPCs (Figure 5(e)). To further explore
whether the Hippo signaling pathway was involved in
irisin-treated NPCs, verteporfin, a well-established YAP

inhibitor, was applied. The levels of COL2A1 were found
to be upregulated, while the expression levels of matrix-
degrading enzymes (MMP13, ADAMTS4, and ADAMTS5)
were downregulated with irisin treatment in TNF-a-induced
NPCs, which was abolished upon verteporfin treatment
(Figure 5(f)). As expected, similar results were found by
using immunofluorescence. Moreover, the expression level
of connective tissue growth factor (CTGF), as the target mol-
ecule of YAP, was found to be significantly affected with iri-
sin treatment (Figure 5(g)). Together, these data showed that
LATS and YAP were involved in irisin-mediated ECM
metabolism in NPCs.

3.6. CTGF Protein Mediated the Protective Effect of Irisin on
the Regulation of ECM’s Metabolism in Human NPCs. We then
detected the expression levels of target genes of the Hippo sig-
naling pathway, such as CTGF and CYR6I, and found that
the mRNA expression levels of CTGF were lower than those
in the normal group (Supplementary Figure 1). To further
assess the effects of CTGF on the progression of IDD, the
expression levels of CTGF were examined in both human
control and degenerative NP tissues. The protein expression
level of CTGF was lower in degenerative tissues than in the
controls (Figures 6(a) and 6(b)). Similar results were found
in a rat’s intervertebral disc tissue by immunofluorescence
(Figure 6(c)). Next, CTGF knockdown in human NPCs was
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performed by transfecting plasmid, and verification of
transfection efficiency was shown using western blot
(Figure 6(d)). Subsequently, the irisin reagent was added,
and irisin treatment was found to ameliorate the
unbalanced metabolism of ECM, while these effects were
antagonized in the CTGF-shRNA group in both mRNA
and protein levels (Figures 6(e) and 6(f)). Collectively, the
data showed that the CTGF protein participated in the
regulative effects of irisin on NPCs, suggesting that irisin
could ameliorate an unbalanced ECM metabolism via
LATS/YAP/CTGEF signaling in vitro.

4. Discussion

Intervertebral disc degeneration (IDD), regarded as one of
the primary causes of low back pain (LBP), is accompanied
by unbalanced ECM metabolism, tissue dehydration, fissures
in the annulus fibrosus, and destruction of endplate cartilage
[3, 39, 40]. Currently, it remains a significant challenge to
delay or even reverse the progression of IDD due to limited
available treatments. Irisin, also known as FNDCS5, is consid-
ered to show immense potential for application in the fields
of bone and cartilage degenerative diseases. Irisin treatment
was discovered to improve bone metabolism and thus pre-
vented the osteoporosis [22, 41]. Regarding the regulation
of cartilage degenerative diseases, irisin was found to display
chondroprotective effects on the development of osteoarthri-
tis and played a powerful role in the regulation of ECM met-
abolic disorder [25, 26]. Nevertheless, the eftects of irisin on
NPCs are not well known yet.

In this study, irisin was found to play a protective role on
the ECM metabolism of NPCs, and it delayed the progres-
sion of IDD in rat models. In mechanism, it was demon-
strated that irisin treatment regulated LATS/YAP/CTGF
signaling, inhibiting the phosphorylation of LATS and
YAP and promoting the expression level of CTGF protein.
Finally, the levels of synthetic markers (COL2A1 and ACAN)
were upregulated and the expression levels of matrix-
degrading enzymes (MMPs and ADAMTSs) were downregu-
lated, and the disordered metabolism of ECM in NPCs was
reversed (Figure 7). The research in this study evidenced
the positive effects of irisin on NPCs and its possible mech-
anism, suggesting the possible application of irisin in the
field of IDD.

Ample studies have shown that the Hippo signaling
pathway is related closely to mechanical stress and is
involved in bone and cartilage degenerative diseases [42,
43]. According to the available evidence, the YAP protein
has been reported to promote the anabolic metabolism of
ECM in NPCs [31, 32]. CTGF, as the target molecule of
the Hippo signaling pathway, has been reported to be
involved in the ECM metabolism of nucleus pulposus cells
[31, 32]. Nevertheless, the mechanisms governing LATS/
YAP/CTGEF in the regulation of NPCs have remained elu-
sive. The results of this study revealed that irisin treatment
inhibited the phosphorylation levels of LATS and the YAP
protein and effectively promoted the level of the CTGF pro-
tein, suggesting that irisin prevented the deterioration of
ECM metabolism and ameliorated the progression of IDD.
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According to available studies, 80% of the population
has suffered from LBP in their lifetime, which may be a seri-
ous burden due to the recurring symptoms [44]. IDD is cur-
rently regarded as the main etiology of LBP. However, there
is still a lack of effective treatments for delaying or even
reversing IDD [45]. In the current study, a new potential
treatment was proposed. Irisin was proven to have obvious
effects on regulating ECM metabolism in NPCs, suggesting
that it may be a potential therapeutic drug for the treatment
of IDD. More in vivo studies for the applications of irisin will
be needed to explore its potential in the future.

5. Conclusion

Taken together, this study demonstrated the protective
effects of irisin on the development of IDD. Irisin treatment
could significantly reverse the unbalanced metabolism of
ECM in NPCs, thus delaying the progression of IDD. Mech-
anistically, it was identified that irisin inhibited the phos-
phorylation of LATS and YAP proteins, promoting the
YAP protein into the nucleus and upregulating the expres-
sion level of CTGF, thus promoting the expression levels of
matrix synthesis markers (COL2A1 and ACAN) and inhi-
biting the levels of matrix-degrading enzymes (MMPs and
ADAMTSs). This study provided more theoretical basis for
the application of irisin in the field of IDD.
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