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Objectives. Ankylosing spondylitis (AS) is a chronic inflammatory rheumatic disease characterized by chronic spinal inflammation,
arthritis, gut inflammation, and enthesitis. We aimed to identify the key biomarkers related to immune infiltration and osteoclast
differentiation in the pathological process of AS by bioinformatic methods.Methods. GSE25101 from the Gene Expression Omnibus
was used to obtain AS-associated microarray datasets. We performed bioinformatics analysis using R software to validate different
expression levels. The purpose of theGO andKEGG enrichment analyses of DEGswas to exclude key genes.Usingweighted correlation
network analysis (WGCNA), we examined all expression profile data and identified differentially expressed genes. The objective was to
investigate the interaction between genetic and clinical features and to identify the essential relationships underlying coexpression
modules. The CIBERSORT method was used to make a comparison of the immune infiltration in whole blood between the AS group
and the control group. The WGCNA R program from Bioconductor was used to identify hub genes. RNA extraction reverse
transcription and quantitative polymerase chain reaction were conducted in the peripheral blood collected from six AS patients and
six health volunteers matched by age and sex. Results. 125 DEGs were identified, consisting of 36 upregulated and 89 downregulated
genes that are involved in the cell cycle and replication processes. In theWGCNA, modules of MCODE with different algorithms were
used to find 33 key genes that were related to each other in a strongway. Immune infiltration analysis found that naive CD4+T cells and
monocytesmay be involved in the process ofAS. PLCG2 and IFNAR1 genes were obtained by screening genesmeeting the conditions of
immune cell infiltration and osteoclast differentiation in AS patients among IGF2R, GRN, SH2D1A, LILRB3, IFNAR1, PLCG2, and
TNFRSF1B. The results demonstrated that the levels of PLCG2mRNA expression in AS were considerably higher than those in healthy
individuals (P¼ 0:003). IFNAR1 mRNA expression levels were considerably lower in AS than in healthy individuals (P<0:0001).
Conclusions. Dysregulation of PLCG2 and IFNAR1 are key factors in disease occurrence and development of AS through regulating
immune infiltration and osteoclast differentiation. Explaining the differences in immune infiltration and osteoclast differentiation
between AS and normal samples will contribute to understanding the development of spondyloarthritis.

1. Introduction

Ankylosing spondylitis (AS), as a subtype of spondyloarthri-
tis [1], is a chronic inflammatory rheumatic disease that is

characterized by chronic spinal inflammation, arthritis, gut
inflammation, and enthesitis [2]. Patients with fixed and
kyphotic deformities caused by AS may face the problems
such as impaired horizontal gaze, severe neck pain, and
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sagittal imbalance [3]. A combination of multistep surgery
and digital planning is often required in complex AS defor-
mities, which is a real challenge for spine surgeons [4]. AS is
a considerable burden to patients and society because of
deformity, pain, and disability [5].

Although the exact etiology and pathogenesis of AS are
still unknown, mainly five hypotheses, including arthritogenic
peptides, an unfolded protein response, human leucocyte
antigen (HLA)-B27, homodimer formation, malfunctioning
endoplasmic reticulum aminopeptidases, gut inflammation,
and dysbiosis to explain the pathogenesis exist [6]. Genetic
studies suggest that genetic factors account for about 90% of
the pathogenesis of AS, and the genetic risk factors involved
are major histocompatibility complex (MHC) and non-MHC
gene loci [7]. Numerous studies have also shown that immune
cell and osteoclast differentiation were crucial mechanisms
and findings in the pathogenesis of AS [8–10].

Many studies focused on the key genes in the progression
of AS by integrated bioinformatics analysis. However, there is
no bioinformatics analysis related to the immune infiltration
and osteoclast differentiation to analyze the function and reg-
ulation of differential genes. Hence, we conducted this inves-
tigation to identify the main biomarkers associated with
immune infiltration and osteoclast development in the path-
ological process of AS utilizing bioinformatic techniques.

2. Materials and Methods

2.1. Data Download. In our study, microarray data were
retrieved from the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/) [11] by using keywords
“spondylitis, ankylosing” (All Fields) OR “Ankylosing Spondyli-
tis” (all fields). The GPL6947 Illumina HumanHT-12 V3.0
expression bead chip serves as the foundation for this dataset.
This chip comprises a total of 32 samples split between two
groups. Under the comprehensive consideration, we finally
selected GSE25101 as the research object. Patients’ information
and specimens’ source of GSE25101 were outlined in Table 1.
The dataset was obtained using R’s “GEOquery” package (3.6.3)
[12]. The workflow is shown in Figure 1.

2.2. Differential Expression Analysis. The “limma”packagewas
applied to standardize and analyze patient and control data dif-
ferences [13]. Differentially expressed genes (DEGs) were
selected using the Benjamini–Hochberg adjusted P value <0.05.

2.3. Functional Annotation of DEGs. Gene ontology (GO)
terms include biological process (BP), cellular component
(CC), and molecular function (MF). The false discovery
rate (FDR) <0.05 was significantly enriched. To reveal the

function of the network, the “clusterProfiler” packages were
used to perform GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses [14].

2.4. Construction of Weighted Gene Coexpression Network
Analysis (WGCNA). WGCNA is a systems biology approach
that detects patterns of genetic linkage between diverse sam-
ples. Based on connectedness and relationship between gen-
omes and phenotypes, it can reveal highly synergistic
genomes, alternative biomarker genes, or therapeutic targets
[15]. The “hclust” function was initially employed for hier-
archical clustering analysis. Then, during module creation,
we applied “pickSoftThreshold” to filter the soft thresholds
and select the right power levels. To create the coexpression

TABLE 1: Patients’ information and specimens’ source of GSE25101.

Patient information Source of specimen

Age (years, meanÆ SD)
Sex

Family history Tissue Cell type
Male Female

AS patients (n= 18) 45.9Æ 12.9 10 8 5 Whole blood PBMC
AS control (n= 16) NA NA NA NA Whole blood PBMC

Bioinformatics Analysis

DEGs (P < 0.05,
|log FC| > 0.2): 125

Control group
n = 16 

Patients group
n = 16

GEO:GSE25101
n = 32

WGCNA

Key genes:
IGF2R, GRN, SH2D1A, LILRB3, PLCG2

IFNAR1, and TNFRSF1B

Modules: 5

Module blue
cor = 0.67,
p = 3e-05

Hub genes
|MM| > 0.8,

GS > 0.3

GO KEGG

Hub genes
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FIGURE 1: A flow-process chart shows the analysis steps in this study.
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network, we employ the “WGCNA” program. Label each mod-
ule with a distinct color, and then filter out the modules with the
most interconnections. Using the “clusterProfiler” program and
Metascape [16] (http://metascape.org), GO and KEGG analyses
were performed on the genes in the modules. The screening
criteria for crucial genes were gene significance (GS)> 0.70
and module membership (MM)> 0.80. We intersected the piv-
otal genes obtained from WGCNA with DEGs associated with
osteoclast differentiation to obtain the essential genes. These
genes make a significant contribution to the progression of AS.

2.5. Immune Infiltration Analysis. The immune cell infiltration
matrix was produced by uploading gene expression profile data
to CIBERSORT (https://cibersort.stanford.edu/) [17]. To
visualize the differences in immune cell infiltration between
control and patient groups, two-dimensional PCA clustering
maps and violin plots were generated using the “ggplot2”
software package. Heat maps of 22 infiltrating immune cells
were generated using “pheatmap” (version 1.0.8) software [18].
Finally, differences in immune cell infiltration between the high
and low-expression groups were analyzed and visualized
according to the median expression levels of key genes.

2.6. RNAExtraction and Reverse Transcription andQuantitative
Real-Time Polymerase Chain Reaction (qRT-PCR). The periph-
eral blood was collected from six AS patients and six health
volunteers matched by age and sex at the Beijing Chaoyang
Hospital, Capital Medical University.

The inclusion criteria were as follows: (1) the patient was
diagnosed with AS, (2) the age of patients ranging from 18 to
35-year old, (3) without osteoporosis or osteopenia, (4) early
stage of the AS disease, (5) not associated with infectious
diseases, and (6) the patient agrees and signs the informed
consent form; The exclusion criteria were as follows: (1) med-
ication was started, (2) with other rheumatic immune dis-
eases, (3) with other chronic diseases, (4) with cancer in any
system, (5) history of orthopedic surgery and diseases, and (6)
no definite diagnosis of AS. All human specimens were
acquired under the approval of the institutional review board
of Beijing Chaoyang Hospital, Capital Medical University
(2017-KE-67, Beijing, China). Under the guidance of the
World Medical Association Declaration of Helsinki, we
obtained informed consent from each patient.

The RNAprep Pure Hi-Blood Kit (Tiangen Biotech, China)
was used to perform the reverse transcription of the extracted
RNA. Using Nanodrop, the purity and amount of isolated RNA
were evaluated. (Thermo Fisher Scientific, USA). cDNA was
synthesized using reverse transcriptase (TIANGEN, Beijing,
China). On an ABI 7500 Real-Time PCR System (Applied
Biosystems), the SYBR Green Real-time PCR Master Mix
(TOYOBO, Japan) was employed for quantitative PCR of hub
genes. β-Actin was utilized as an internal control. All the primers

(Sangon, China) used in this study are listed in Table 2. Normal-
ization and calculation of relative mRNA expression were
accomplished using the comparative Ct method (2−ΔΔCt). The
data are shown as a fold change in expression relative to normal
tissue. Comparisons were carried out through a one-way
ANOVA, and P<0:05 indicated that there were statistically
significant differences.

2.7. Statistical Analysis. R software (3.6.3) was utilized to
carry out the statistical analysis. MeanÆ standard deviation
(SD) was calculated for each and every set of numbers. Using
the “limma” software tool, the difference in DEGs between
control and the patients’ groups were determined.

3. Results

3.1. Research Design Summary. Figure 1 shows the study’s
flowchart. Having screened for DEGs in AS using microarray
data from the GEO database, we then screened for immune
cells linked with AS using CIBERSORT.WGCNA and related
techniques were utilized to identify genes focused on immune
cells. The relationship between central gene expression and the
clinical characteristics of AS was demonstrated using qRT-PCR.

3.2. DEGs between the Patients and Control Groups. The data
on the expression profiles of the patients and the control
group were compared and screened using a threshold of P
less than 0.05 and a |logFC| value <0.2. We acquired a total
of 125 DEGs, 36 of which were upregulated and 89 of which
were downregulated among the genes (Figure 2(a)).

3.3. Enrichment Analysis of DEGs. The KEGG data revealed the
enriched pathways for the related genes (Figure 2(b)). The
findings of the GO analysis revealed that the DEGs were pri-
marily abundant in BPs (Figure 2(c)). Intracellular transport,
cellular macromolecule localization, the biological process
involved in symbiotic interaction, and cell activation involved
in immune response were among the substantially enriched BP
keywords for the DEGs. Catalytic complex, nuclear protein-
containing complex, and ribonucleoprotein complex were
among the significantly enriched CC keywords for the DEGs
(Figure 2(d)). Among the significantly enriched MF keywords
for the DEGs, enzyme binding, RNA binding, and transcription
factor binding were outlined as the first three (Figure 2(e)).

3.4. ImmuneMicroenvironment Characteristics of AS. To gain
a more comprehensive understanding of the immune environ-
ment present in AS, distinct immune cell types were analyzed
using the CIBERSORT technique. After deleting cells with an
immunological abundance value of “0,” the results showed that
17 different types of immune cells were examined, and it was
found that the levels of naive CD4+ T cells andMonocytes were
considerably higher in AS (P<0:05; Figure 3(a)). Further

TABLE 2: PCR primers.

Gene Forward primer sequence Reverse primer sequence

IFNAR1 5′-TGTCCGCAGCCGCAGGTG-3′ 5′-CCCGACAGACTCATCGCTCCTG-3′

PLCG2 5′-GGACATAGAGCTGGCTTCCC-3′ 5′-GTTCAGTTCTTCTTGCCGCC-3′

Actin 5′-ACCGCGAGAAGATGACCCA-3′ 5′-GGATAGCACAGCCTGGATAGCAA-3′
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research into the CIBERSORT scores revealed a strong positive
association between B cells, Tregs, and M2 macrophages. This
was illustrated by the correlation-based heatmap (corheatmap),
which can be found in Figure 3(b). On the other hand, the
infiltration of CD4+ T cells, NK cells, and M0 macrophages
was found to relate to one another negatively. Together, as
part of a joint process, the aberrant infiltration of immune
cells seen in AS might have particular guiding relevance in the
clinical management of the condition.

3.5. Identification of Immune Cell-Related Genes. The WGCNA
was applied to identify differentially expressed immune cell-
related genes and explore the network’s phenotype and hub
genes (Figure 4(a)–4(c)). Twenty-five genes were selected by
the correlation test. Cytoscape was used to create the
interaction network that was comprised of these 25 genes as
well as the genes that they were targeting. The WGCNA hub

genes were intersected. Different colors were then used to
differentiate these DEGs (Figures 4(b) and 4(c)). One of
the four gene modules we assessed was tightly connected
with immune cells (Figure 4(c)). The blue module had a strong
positive correlation of 0.67 with naive CD4+ T cells, and
P<0:001 (Figure 4(d)). Based on the selection of the 30
most significantly elevated genes and the 33 most important
genes, heat maps were generated (Figure 4(e)).

3.6. The Identification of Candidate Biomarkers. Twenty-five
different gene modules were obtained due to the creation of
the coexpression matrix (Figure 4(d)). Twelve genes satisfied
the preselection criteria and were chosen based on relevant
tests (Figures 5(a) and 5(b)). Finally, IGF2R, GRN, SH2D1A,
LILRB3, IFNAR1, PLCG2, and TNFRSF1B were identified as
key genes. After that, as depicted in Figures 5(c) and 5(d), we
utilized metascape to collect more information on these

Go terms
Enzyme binding
RNA binding
Transcription factor binding
Transcription coregulator activity
Identical protein binding
Transcription coactivator activity
DNA binding transcription factor binding
RNA polymerase II specific DNA binding transcription factor binding
Protein containing complex binding

–log10 (FDR)
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FIGURE 2: Functional annotation of DEGs. (a) DEGs were identified using a volcano plot, where red represents upregulated genes and blue represents
downregulated genes. (b) KEGG pathway enrichment analysis for DEGs. (c–e) GO analysis of DEGs in (c) BP, (d) CC, and (e) MF.
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genes and analyze their functions. Genes were enriched in
essential biological processes, such as inflammatory response,
chemokine signaling pathway, cytokine-mediated signaling
pathway, regulation of neuroinflammatory response, leuko-
cyte migration, and natural killer cell-mediated cytotoxicity.

According to the findings, most of the genes significantly
enriched in pathways associated with immune response were
the blue module.

We intersected the hub genes screened by WGCNA and
the genes in osteoclast differentiation and obtained two
genes: IFNAR1 and PLCG2.

3.7. qRT-PCR Validation of Data. qRT-PCR experiments
were performed to verify the bioinformatics results. The

characteristics of patients and healthy volunteers are shown
in Table 3. The results revealed that themRNA expression levels
of PLCG2 in AS were significantly higher than that in the nor-
mal person (P¼ 0:003). The mRNA expression levels of
IFNAR1 in AS were significantly lower than that in the normal
person (P<0:0001). All of the above results indicate that the
outcomes of bioinformatics analysis are very competent and
have considerable research value. (Figures 6(a) and 6(b)).

4. Discussion

AS is a common chronic inflammatory autoimmune disease
in which axial inflammation, bone destruction, and new
bone formation are the key events [19]. From 2005 to 2019
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FIGURE 3: Immune infiltration landscape in whole blood. (a) Immune infiltration differences between patients and control group. (b)
Correlation matrix of 22 immune cell type proportions. Some of the immune cells had a negative relation, denoted by the color blue, while
others had a positive relation, represented by the color red. Compared to the lighter color, the association was much more robust (P<0:05).
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in China, the total prevalence of AS was 0.29%, among which
there were 0.42% in males and 0.15% in females [20]. The mean
AS prevalence was 0.24% in Europe, 0.17% in Asia, 0.32% in
North America, 0.10% in Latin America, and 0.07% in Africa
[21]. The most common symptoms of AS are chronic back pain
and spinal stiffness, but peripheral andmusculoskeletal manifes-
tations are also frequently present [22].

In this study, we acquired a total of 125 DEGs, 36 of which
were upregulated and 89 downregulated among the genes. IGF2R,
GRN, SH2D1A, LILRB3, IFNAR1, PLCG2, and TNFRSF1Bwere
identified as key genes enriched in the inflammatory response,
chemokine signaling pathway, cytokine-mediated signaling path-
way, regulation of neuroinflammatory response, leukocyte migra-
tion, and natural killer (NK) cell-mediated cytotoxicity. In terms
of the inflammatory response, Guggino et al. [23] evaluated the
activation and functional relevance of inflammasome pathways in
AS patients and presented that inflammasomes drove type III
cytokine production with an IL-1β-dependent mechanism in
AS patients. The free heavy chain of HLA-B 27 may induce
inflammation via T cells, NK cells, and bone marrow cells [24].
As is the case with AS, vascular endothelial cells respond to TNF
by experiencing various pro-inflammatory alterations. The effec-
tiveness of TNF-blocking medications in the treatment of AS

demonstrates that TNF plays an essential part in inflammation
[25]. In 17 different types of immune cells, we found naive CD4+
T cells and monocytes were considerably higher in AS. Zheng
et al. [26] The AS contained a higher proportion of CD8+ T cells,
naive CD4+ T cells, and neutrophils among CIBERSORT results.
There was a strong positive association between B cells, Tregs, and
M2macrophages, while the infiltration of CD4+T cells, NK cells,
and M0 macrophages was found to relate to one another nega-
tively. Zhang et al. [27] reported negative correlations in CD8+
T cells and neutrophils activated memory CD4+ T cells, which
was similar to our results. Multiple immune cells control the
activity of bone cells and the size of bones through the release
of cytokines and signaling pathways. DCs and their subtypes play
crucial roles in numerous autoimmune and chronic inflammatory
diseases [28]. Increased plasmacytoidDCs have been found in the
bonemarrow andperipheral blood ofAS patients, which has been
linked to higher levels of inflammatory cytokines such as traffick-
ingmolecules, CCR6 andCCL20, TNF-, IL-6, and IL-23 [29]. The
pathophysiology of AS can be better understood if the association
between the immune and skeletal systems is further examined.

The phospholipase C gamma 2 (PLCG2) gene is respon-
sible for encoding phospholipase Cγ2 [30]. PLCG2 can reg-
ulate various cells’ immune, inflammatory, and allergic
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FIGURE 4: Identification of the immune infiltration-related genes in Ankylosing Spondylitis. (a) A clustering tree for the coexpression network
module is created. (b) Feature of each combined module’s relationship, with distinct colors denoting different parts. Each row represents a
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responses through NFAT, NF-κB, and MAPK signaling
pathways [30, 31]. Yu et al. [32] found a point mutation in
the mouse PLCG2 gene, which leads to hyperreactive exter-
nal calcium entry in B cells and expansion of innate inflam-
matory cells, leading to severe spontaneous inflammation
and autoimmunity. In humans, point mutations of PLCG2
can lead to autoimmune inflammation, resulting in arthral-
gia and inflammatory bowel disease, suggesting that point
mutations of PLCG2 are an essential mechanism for induc-
ing immune inflammation [33]. The destruction of bone and
cartilage and local osteoporosis are important pathological
manifestations of AS, among which osteoclasts play an
essential role. Therefore, exploring the genes related to osteo-
clasts formation is of great significance. Studies have shown
that PLCG2 mediator can induce osteoclasts while blocking
PLCG2 enzyme activity can limit the development and func-
tion of early osteoclasts [34]. Normal bone remodeling
requires a balance between the metabolic processes of
bone-resorbing cells, osteoclasts, and bone-forming cells
[35]. Jeong et al. [36] also found that betulinic acid could
significantly inhibit the generation of osteoclasts by inhibit-
ing the phosphorylation of PLCG2. Under the influence of
promoting bone resorption factors, the multinucleated

osteoclasts were formatted by the fusion and differentiation
of monocyte progenitors, which could regulate osteoblast
differentiation and bone formation [37].

IFN can stimulate the differentiation of immune cells and
enhance immunological function, which may be an influen-
tial variable element in the pathogenesis of AS illness [38].
IFN can play an immunomodulatory role only when it binds
to the interferon-α/β receptor (IFNAR). Studies have shown
that IFN-γ polymorphisms are positively associated with the
risk of AS [38]. Santiago-Raber et al. [39] found in NZB mice
that a reduced number of IFNα/β receptors affected the inci-
dence of immune lupus disease, suggesting the role of IFNAR
in rheumatic diseases. However, the mechanism of IFNAR in
the immune inflammation of AS remains unclear. It was
reported that induction of IFN-B through the STING signal-
ing pathway could restrai osteoclast differentiation and bone
resorption, so it is speculated that decreased IFNAR can
promote osteoclast differentiation [40].

In our study, PLCG2 and IFNAR genes were obtained by
screening genes meeting the conditions of immune cell infil-
tration and osteoclast differentiation in AS patients. The
above analysis indicated that inhibition of PLCG2 may
inhibit the immune inflammatory response and osteoclast

TABLE 3: The characteristics of patients and healthy volunteers.

Characteristic Group AS Group control P

Age (yr) 30.2Æ 4.7 26.5Æ 4.8 0.21
Male sex-no. (%) 5 (83.33) 5 (83.33) 0.77
BMI (Kg/m2) 23.83Æ 4.17 23.17Æ 3.87 0.78
Race-Asian no. (%) 6 (100) 6 (100) 1
Positive for HLA-B27-no. (%) 6 (100) /
Time (Mons) 6.50Æ 3.27 / /
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FIGURE 6: qRT-PCR validation in the peripheral blood. (a) The mRNA expression levels of PLCG2 in ankylosing spondylitis were significantly
higher than that in the normal person (P¼ 0:003). (b) The mRNA expression levels of IFNAR1 in ankylosing spondylitis were significantly
lower than that in the normal person (P<0:0001). (P<0:05, ∗∗P<0:01, and ∗∗∗∗P<0:0001).

12 Mediators of Inflammation



formation in patients with AS. In contrast, the increased
expression of IFNAR may inhibit the immune inflammatory
response and osteoclast formation.

Limitations of our study still remain. First, we used the
GEO database instead of our patient data, and there was
unknown bias such as duration of medication, the severity
of AS, and race of patients. Second, data validation is not
sufficient relatively and qRT-PCR should be used to show the
link between hub gene expression and AS clinical character-
istics. Based on our existing samples, we will subsequently
integrate more samples and conduct in-depth research in
peripheral blood, bone tissue, and single cells.

5. Conclusions

Dysregulation of PLCG2 and IFNAR1 are key factors in
disease occurrence and development of AS through regulat-
ing immune infiltration and osteoclast differentiation. Inves-
tigating the differences between AS and normal samples in
immune cell infiltration and osteoclast differentiation would
contribute to a better comprehension of the root cause of
spondyloarthritis and therapeutic methods.
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There is no effective treatment for peripheral nerve injury-induced chronic neuropathic pain (NP), which profoundly impacts the
quality of life of those affected. Transmembraneprotein100 (TMEM100) is considered to be a pain regulatory protein and is
expressed in the dorsal root ganglion (DRG) of rats. However, the mechanism of pain regulation and the expression of TMEM100
following various peripheral nerve injuries are unclear. In this study, we constructed two pain models of peripheral nerve injury:
tibial nerve injury (TNI) and chronic constriction injury (CCI). This study found that the Paw Withdrawal Mechanical Threshold
(PWMT) and Paw Withdraw Thermal Latency (PWTL) of the rats in the two pain models decreased significantly, and the
expression of TMEM100 in the DRG of two groups also decreased significantly. Furthermore, the decrease in the CCI group
was more obvious than in the TNI group. There was no significant statistical significance (P>0:05). We constructed an adeno-
associated virus 6 (AAV6) vector expressing recombinant fluorescent TMEM100 protein and injected it into the sciatic nerve (SN)
of two pain models: CCI and TNI. PWMT and PWTL were significantly increased in the two groups, along with the expression of
TMEM100 in the spinal cord and DRG. It also significantly inhibited the activation of microglia, astrocytes, and several inflam-
matory mediators (TNF- α, IL-1 β, and IL-6). In summary, the results of this study suggested that TMEM100 might be a promising
molecular strategy for the treatment of NP, and its anti-inflammatory effects might play an important role in pain relief.

1. Introduction

The term neuropathic pain (NP) refers to the pain caused by
a primary lesion or dysfunction of the nervous system [1, 2].
It is a common clinical problem that usually manifests as
persistent pain (burning, squeezing, and compression) or
paroxysmal pain (shock-like sensations and tingling), result-
ing in paresthesia and dysesthesia (tingling and needles) [3].
NP affects approximately 7%–10% of the general population
globally, primarily in patients over 50 [2, 4]. The pathogene-
sis of NP is complex. Previous studies have found that NP is
associated with structural and functional changes in nocicep-
tive pathways such as peripheral nerve injury sites, spinal
cord, and dorsal root ganglia (DRG) [3]. These diseases are

associated with various peripheral or central nervous system
lesions [5]. NP can be divided into peripheral and central NP
based on the anatomy of injury and disease [6]; the former is
more common in clinical practice [7, 8]. Although peripheral
nerve injury frequently causes chronic NP, the underlying
mechanisms are often uncertain [9]. There are currently no
adequate and effective treatments for NP, while numerous
studies have focused on discovering new drug targets and
their impact on pain behavior.

Transmembraneprotein100 (TMEM100) has been found
to have many biological functions, expressed in vascular,
lung, and gastrointestinal tissues, and plays an imperative
role in arterial endothelial differentiation, vascular integrity,
cancer cell, and proliferation [10–13]. Recently, it has been
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found that TMEM100 is also expressed in DRG [9, 14] as a
pain signal modulator expressed by nociceptive neurons. It
regulates pain by regulating the interaction between TRPA1
and TRPV1, and plays an important role in pain and the
nervous system [14]. DRG is an important part of the
peripheral nervous system. It is reported that TMEM100 is
mainly located in mouse DRG and ganglion cell peptidergic
neurons [14, 15], but its expression in NP is uncertain [15].
There may be differences in gene expression between inflam-
matory pain and NP [16–19].

Studies have shown that chronic pain is caused by interfer-
ence with the decomposition of neuroinflammation [20–23].
Typical features of neuroinflammation under chronic pain
conditions include infiltration of immune cells into the sciatic
nerve (SN) and DRG, activation of glial cells: microglia and
astrocytes, production and secretion of pro-inflammatory cyto-
kines and chemokines (TNF, IL-1 β, IL-6, CCL2, and CXCL1)
[20]. Previous studies have reported that TMEM100 has an
inhibitory role in the secretion of inflammatory cytokines in
liver inflammation [24]. Therefore, we investigated the contri-
bution of TMEM100 in the inception of inflammation in nerve
tissue.

AAV6 is now considered one of the most useful vectors
for gene therapy due to its less immunogenicity and toxicity.
Gene delivery to the DRG has been shown to be possible. It
has been reported that retrograde transfection of AAV6 into
neurons by SN injection can achieve higher transfection effi-
ciency of DRG neurons than other transfection methods
(intravenous, intramuscular, and intrathecal).

AAV6 is now considered one of the most useful vectors
for gene therapy due to its less immunogenicity and toxicity
[25]. Gene delivery to the DRG has been shown to be possi-
ble [26, 27]. It has been reported that retrograde transfection
of AAV6 into neurons by SN injection can achieve higher
transduction efficiency of DRG neurons than other transduc-
tion methods (intravenous, intramuscular, and intrathecal)
[28, 29].

This study aimed to explore the effect of TMEM100 on
NP and the therapeutic potential of TMEM100 as a target for
treating chronic NP. In this study, we constructed an adeno-
associated virus (AAV6) -TMEM100 overexpression vector
and injected it into the SN of the rats, and analyzed the
differential expression of TMEM100 and pain behavior in
rats. In addition, the pro-inflammatory cytokines causing
pain in rat DRG were evaluated.

2. Methods and Materials

2.1. Animals. This study used clean, healthy male Sprague–
Dawley (SD) rats aged 7–10 weeks, weighing 200–300 g. The
indoor temperature was maintained at 23Æ 2°C, the relative
humidity was 60%–70%. The rats were fed in separate cages
and drank and ate freely. The Qingdao University Experimental
Animal Center in Shandong Province provided all the experi-
mental animals. The experimental operation met the require-
ments of Animal Protection Association and the user
Committee of Qingdao University and was consistent with the
guidelines of National Animal Protection Institute.

2.2. Establishing Animal Models. According to the method of
Bennett [30], a rat model of chronic constriction injury
(CCI) was established: we used 4% isoflurane for induction
and 2% for maintenance of anesthesia, then made the rat
prone on the operating table, and the right hind limb was
shaved for preparation. The skin was sterilized with 10%
iodophor solution, followed by the incision at the sciatic
tubercle and blunt dissection of each layer of muscle to
expose the SN; 4–0 catgut was used to make four loose fit
junctions, with a spacing of about 1mm, to obtain a damaged
SN of length 4–5mm. The ligation strength was based on the
mild compression of epineurial artery under the dissecting
microscope, while the blood flow was not completely inter-
rupted. When the rat exhibited typical NP signs: reduced
hindlimb weight, paw contracture, licking, and no motor
function limitation such as lameness, the model was judged
to be successful.

According to the method of Lee et al. [31] a rat model of
permanent tibial nerve injury (TNI) was established: the
steps of anesthesia, skin preparation, and disinfection were
the same as the CCI model. The SN and its three branches
were exposed and separated from the surrounding soft tissue
with a nerve dissection. The SN stem and three branches
were carefully isolated. The tibial nerve branches were care-
fully identified, and the tibial nerve was tightly ligated with
4–0 chrome catgut and cut to a length of approximately
5mm, leaving the common peroneal and sural nerves intact.
The success sign was the same as CCI.

2.3. Experimental Grouping. A total of 80 male SD rats were
included in this study and randomly divided into eight groups:
normal; Sham; CCI; TNI; CCI, AAV6-GFP; TNI, AAV6-GFP;
CCI, AAV6-TMEM100; and TNI, AAV6-TMEM100 group
with 10 each. The description of groups is as follows.

Nothing was done to the normal group. In the Sham group,
SN was exposed but not ligated. Surgical modeling was done in
CCI and TNI groups, but no injection was administered.While
in CCI, AAV6-GFP, and TNI, AAV6-GFP groups; AAV6-GFP
(10∗ 1,012 viral particles each) were injected into the SN.
Furthermore, in CCI, AAV6-TMEM100, and TNI, AAV6-
TMEM100 groups, AAV6-TMEM100 (10∗ 1,012 viral particles
each) were injected into the SN during modeling. AAV6-
TMEM100 and AAV6-TMEM100 were designed and synthe-
sized by Biomedicine Biotech (Chongqing, China).

2.4. Behavioral Analysis. Paw Withdrawal Mechanical
Threshold (PWMT) test was conducted one day before
modeling, and 1, 3, 5, 7, 10, 14, 21, and 28 days after model-
ing, according to the up–down method [32, 33], using von
Frey filaments to determine mechanical allodynia by foot
withdrawal. The rat was placed on a metal mesh frame,
and the cilia were stabbed vertically through the mesh into
the skin of rat’s hind limbs until they were slightly bent into
an S shape. The duration of each stimulation was 3–5 s, and the
interval was 10–15 s. Reaction: if the rat displayed foot with-
drawal, it was marked as “+”; if there was no response, it was
marked as “−”; if “+” appeared, the adjacent cilia with decreasing
force were used for stimulation; if negative, the adjacent increas-
ing force was used for stimulation. Stimulation was stopped if
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there was no positive response to the maximum stimulation
intensity of cilia. After the first positive reaction, the up–down
method was used to repeat the measurement six times with a
10min rest; the extreme values on both sides were removed, and
the average of remaining values was taken as the PWMT value
of rat.

Paw Withdraw Thermal Latency (PWTL) determination
was done one day before modeling, and 1, 3, 5, 7, 10, 14, 21,
and 28 days after modeling, according to the paw withdrawal
latency (PWL) method [34]. The thermal radiation exposure
time limit was set to 20 s, the rat was placed on the glass plate
while the temperature of glass plate was maintained at
26Æ 0.5°C, and the irradiation light source under the glass
plate was adjusted to aim at the palm of hind paw of the rat.
When the foot withdrawal reaction occurred or the irradia-
tion time reached 20 s or more (20 s was the irradiation
limit), the light source was turned off and recorded. The
measurement was repeated six times with a 10min rest;
the extreme values on both sides were removed, and the
average was recorded as PWTL.

2.5. Immunofluorescence. After the pain behavior measure-
ment, rats in each group were dissected at L4, L5, and L6
lumbar vertebrae and the DRG, and the DRG tissue was
quickly removed and dissected. The L4–L6 spine was exposed,
and the spinal cord was separated from the middle with a tool.
The removed tissues were postfixed in 4% paraformaldehyde at
4°C for 8 hr, embedded in paraffin, and serially sectioned at
4µm. Immunofluorescence tristaining was done to character-
ize cellular specificity and distribution of target molecules in
sections. Fourmicrometer thick sections were deparaffinized in
xylene, rehydrated by graded alcohols, and treated by heat-
induced epitope retrieval in 10mM citrate buffer (Elabscience).
We used a 5% BSA (Solarbio, Beijing, China) blocking solution
for 1 hr at room temperature of 37°C, following the addition of
primary antibody diluted with antibody diluent (dilution ratio
was according to the antibody instructions) dropwise and the
wet box was placed in a 4°C refrigerator to incubate overnight.
Two fluorescent secondary antibodies (Elabscience) were
added and incubated at room temperature at 37°C for 1 hr.
After each incubation, wash the polyvinylidene fluoride
(PVDF)membrane three times with TBST solution on a shaker
for 10min/time. Then, the nuclei were counterstained with the
fluorescent dye DAPI (blue), and dropwise an antifluorescence
quencher was added. Coverslips were placed in a low-
temperature freezer at 4°C for later use. After the preparation,

the slices were observed under a confocal microscope, and the
tissue images were photographed using Image-Pro Plus (ver-
sion 6.0.0.260, Media Cybernetics Corporation, USA). Images
were finally analyzed.

2.6. Quantitative Real-Time Polymerase Chain Reaction
(qRT–PCR). After the removal of specimen, it was put into
an enzyme-free EP tube (containing 1ml Trizol (Elabscience)
and steel ball) followed by shaker grinding at 60 rpm for 30 s,
six times. After standing, chloroform was added to extract
mRNA. It was then reverse transcribed into cDNA using
the Evo M-MLV RT Kit for qPCR (Accurate Biology). The
qPCR amplification reaction was performed on a PCR instru-
ment according to the kit manufacturer’s instructions
(SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biol-
ogy)) with the following conditions: 95°C for 30 s, then 95°C
for 5 s, and 60°C for 30 s for 40 cycles. The primer sequences
used in this study are displayed in Table 1. The obtained data
were analyzed using the 2(−ΔΔCt) algorithm to acquire the
results.

2.7. Western Blot Analysis. Proteins were extracted by lysing
tissues with radioimmunoprecipitation (RIPA) lysis buffer
(Solarbio, Beijing, China) containing 1mM phenylmethane-
sulfonyl fluoride (PMSF). The concentration of extracted
protein was determined with a bicinchoninic acid (BCA)
kit (Solarbio, Beijing, China). Protein and loading buffer
were mixed at a ratio of 4 : 1 (V/V) and boiled at 99°C for
10min. Separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to PVDF
membrane. PVDF membranes were blocked with 5% nonfat
dry milk at room temperature. Membranes were then incu-
bated with primary antibodies overnight at 4°C (Table 2). After
overnight, the membrane was incubated with horseradish per-
oxidase (HRP)-labeled secondary antibody (Elabscience) for
1 hr, and then the ECL kit (Elabscience) was used for lumines-
cence observation. The acquired images were analyzed using a
developing instrument (Odyssey® XF).

2.8. Statistical Analysis. Statistical analysis was performed on
the data collected, detected, and sorted. Continuous data
were presented as meanÆ standard deviation, while non-
parametric data were presented as median and interquartile
range. Comparisons between groups were performed using
one-way analysis of variance (ANOVA) followed by the
Kruskal–Wallis test. A comparison of parameters between
parallel groups was performed using the t-test. P<0:05 was

TABLE 1: The primers used for qPCR detection.

Gene name Forward Reverse

TMEM100 GTCTTCATCACCGGGATCGT TGTTCCTTTGTCTCACCTTCCA
GAPHD ATGCCGCCTGGAGAAACC GCATCAAAGGTGGAAGAATGG
IL-1β CCCAAGCACCTTCTTTTCCTT TCAGACAGCACGAGGCATTT
IL-6 CTGATTGTATGAACAGCGATGATG GGTAGAAACGGAACTCCAGAAGAC
TNF-α CAAGAGCCCTTGCCCTAAGG CGGACTCCGTGATGTCTAAGTACTT
GFAP GAGATCGCCACCTACAGGAAATT CTTTACCACGATGTTCCTCTTGAG
Iba1 GGAGGCCTTCAAGACGAAGTAC GAGCCACTGGACACCTCTCTAATT

Mediators of Inflammation 3



considered statistically significant. Statistical analysis was
performed, and statistical graphs were drawn using GraphPad
Prism 8 (GraphPad Software, USA) software.

3. Results

3.1. Decreased TMEM100 Expression in the Two NP Models

3.1.1. The Two Groups of Rat Pain Models Exhibited a
Significant Decrease in Behavioral Pain Tests. The postoper-
ative condition of rats was good overall; and there was no
autophagy of limbs, and typical spontaneous hyperalgesia
gradually appeared. The right limb of rat was involved,
dragged, or suspended, and there was obvious walking and
lameness. We first conducted pain studies on the rats in the
normal, Sham, CCI, and TNI groups: PWMT and PWTL test
results revealed that the values of normal and Sham groups
were the same each time, and there was no significant change
(P>0:05). Compared with the normal group, the PWMT
and PWTL of the CCI and the TNI group decreased at
each time point after the operation, and they decreased sig-
nificantly on the first day and lasted until the 28th day after
the operation (P<0:01, Figures 1(a) and 1(b)).

3.1.2. Painful Rats Transfected with Adenovirus
Demonstrated Significant Relief in Pain Behavior. During
modeling, we injected AAV6-GFP and AAV6-TMEM100
into the SN of CCI and TNI rats. The results indicated that
the AAV6-TMEM100 group had a lesser decrease in PWMT
and PWTL than the AAV6-GFP group, and in the last seven
days after the operation, there were different degrees of increase
(P<0:01), with the highest level at 28 days (P<0:01, Figure 1
(c)–1(f).

3.1.3. Decreased TMEM100 Expression of DRG in Peripheral
NP. After 4 weeks of modeling, the rats were sacrificed, and
their DRG tissues were dissected. Normal and Sham groups
were compared using Western blot, qRT–PCR, and immu-
nofluorescence. Moreover, DRG tissues of CCI and TNI
groups were compared. The expression of TMEM100 gene

varied, and the expression of TMEM100 in normal and Sham
groups were detectable. The expression of TMEM100 was
significantly attenuated in CCI and TNI groups compared
to normal and Sham groups, with statistical significance
(P<0:01). The TNI group had slightly higher expression
levels than the CCI group, but the difference was not statisti-
cally significant (P>0:05, Figure 2(a)). The qRT–PCR results
were consistent with western blot results. The expression in
CCI and TNI groups was significantly decreased than in the
normal and Sham groups (P<0:01). CCI group histone
expression was slightly lower than TNI (P>0:05). Normal
and Sham groups had similar histone expressions (P>0:05,
Figure 2(b)).

Immunofluorescence staining yielded identical outcomes
described previously. The fluorescence intensity of CCI and
TNI groups was lower than normal and Sham groups
(P<0:05), TNI group was slightly higher than CCI group
(P>0:05), and there were no significant differences between
the other groups (P>0:05, Figure 3). By constructing two pain
models, CCI and TNI, we discovered that TMEM100 expres-
sion was downregulated in the DRGs of both models. We
speculated that TMEM100might be involved in the occurrence
of pain, as its expression exhibited a downward trend.

3.2. Minimally Invasive Injection of AAV6-TMEM100
into CCI and TNI Rats Could Reverse the Decrease in
TMEM100 and Relieve NP. Pain models: CCI and TNI
were transfected with TMEM100 mediated by adenovirus,
and the same experimental group was set up as a normal
group and virus transfection group (AAV6-GFP and AAV6-
TMEM100 groups). Four weeks after transfection, qRT–PCR
detection was performed. The results revealed that AAV6-
TMEM100 had significantly increased expression compared
to AAV6-GFP group with a statistical difference (P<0:05,
Figure 4).

Western blotting detected that CCI, AAV6-TMEM100,
and TNI, AAV6-TMEM100 groups had significantly enhanced
protein expression compared with the AAV6-GFP group with
statistical differences (P<0:05, Figures 5(a), 5(c), and 5(d)).

TABLE 2: Primary antibodies and IgG controls used in this study.

Antibody∗ Host Supplier/catalog number Dilution

TMEM100 Rabbit polyclonal Millipore/ABN1721 1 : 100(IHC), 1 : 500(Wb)
TMEM100 Mouse monoclonal Origene/TA500532 1 : 100(IHC), 1 : 500(Wb)
GFAP Mouse monoclonal Elabscience/E-AB-22022 1 : 200(IHC), 1 : 1000(Wb)
Iba1 Rabbit polyclonal Abcam/ab178846 1 : 100(IHC), 1 : 1000(Wb)
IL-1β Rabbit polyclonal Affinity/AF5103 1 : 1000(Wb)
IL-6 Rabbit polyclonal Affinity/DF6087 1 : 1000(Wb)
TNF-α Rabbit polyclonal Abcam/ab215188 1 : 1000(Wb)
β-actin Rabbit polyclonal Elabscience/E-AB-20058 1 : 1000(Wb)
Tubulin Rabbit polyclonal Elabscience/E-AB-20070 1 : 200(IHC)
IgG control Mouse Elabscience/E-AB-1001 1 : 2000(Wb)
IgG control Rabbit Elabscience/E-AB-1003 1 : 5000(Wb)
IgG control Mouse Elabscience/E-AB-1015 1 : 100(IHC)
IgG control Rabbit Elabscience/E-AB-1014 1 : 100(IHC)
∗TMEM100, transmembraneprotein100; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding adaptor molecule 1; IL-1β, interleukin-1β; IL-6,
interleukin-6; TNF-α, tumor necrosis factor α; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Tubulin, β-tubulin; IgG, immunoglobulin G.
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FIGURE 1: (a) Changes of PWMT in CCI and TNI groups at different times. ∗∗P<0:01 vs. normal group; (b) changes in PWTL in CCI and
TNI groups. ∗∗P<0:01 vs. normal group; (c) PWMT changes of rats in CCI group at different times after transfection; (d) changes of PWTL
of rats in CCI group after transfection at different times; (e) rats in TNI group after transfection at different times; (f ) changes in PWTL in
TNI group rats at different times after transfection; ∗∗P<0:01 vs. AAV6-GFP group.
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Simultaneously, we extracted and tested the spinal cords of
rats’ modeled side (R) and the unmodeled side (L) in each
group, obtaining comparable results with the former. There
was a statistical difference (P<0:05). Furthermore, in CCI,
the expression of TMEM100 in the modeled side of spinal
cord of the rats in AAV6-TMEM100 group was higher than
the unmodeled side, with a statistical difference between the
two (P<0:05). The expression of TMEM100 in the spinal
cord of rats in the TNI and AAV6-TMEM100 groups was
higher than on the nonmodeled side, but there was no signifi-
cant difference between the two (P>0:05, Figures 5(b), 5(e),
and 5(f)).

Immunofluorescence staining yielded similar results asmen-
tioned above. The AAV6-TMEM100 group exhibited a statisti-
cally significant enhanced fluorescence intensity compared to
the AAV6-GFP group (P<0:05, Figures 6(a) and 6(b)). This
suggested TMEM100 as a crucial protein that regulates pain
and immunity and plays a crucial role in NP. Transfection
with adenovirus carrying TMEM100 could reverse discogenic

pain and achieve the therapeutic effect. It could serve as gene
therapy for discogenic pain. Sexual pain provides a good theo-
retical basis and a prerequisite for later animal experiments.

3.3. Reversal of TMEM100 Expression Reduces the Elevated
Expression of Glial Cells and Inflammatory Mediators Caused
by Peripheral NP. This study investigated the relationship
between TMEM100 and microglia (Iba-1), astrocytes
(GFAP), and inflammatory mediators (TNF-α, IL-6, and
IL-1β) after peripheral NP. Western blot, qPCR, and immu-
nofluorescence were used to detect the expression levels of
each index in the normal and the virus-injected groups. The
qPCR demonstrated that the expressions of Iba-1, GFAP,
TNF-α, IL-6, and IL-1β in the AAV6-GFP group were
increased to varying degrees compared to the normal group
(P<0:05). The AAV6-TMEM100 group had significantly
lower expression than the AAV6-GFP group (P<0:05,
Figure 7). Similar results were obtained by the western blot
(P<0:05, Figure 8).
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FIGURE 2: (a) Western blot used to detect the expression of TMEM100 protein in CCI and TNI groups; (b) qRT–PCR was used to detect the
mRNA of TMEM100 in CCI and TNI groups. ∗∗P<0:01.
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We further verified the expression of Iba-1 and GFAP by
immunofluorescence, and the results were consistent with
those obtained by qPCR and Western blot (Figure 9).

These results indicated that TMEM100 might relieve
pain by reducing the expression of glial cells and inflamma-
tory factors in NP.

4. Discussion

This study aimed to determine the expression of TMEM100
in NP and to explore the possible role of TMEM100 in pain
relief. We found that the expression of TMEM100 was sig-
nificantly reduced in the DRG of rats with peripheral NP by
creating two different pain models: CCI and TNI. We estab-
lished an AAV6 vector encoding recombinant fluorescent
TMEM100 and transfected it into the DRG proximal to
the peripheral nerve injury. We found that the expression
of TMEM100 in the DRG of transfected rats was significantly
higher than that of model rats alone, and the pain behavior of
rats was significantly improved. Moreover, we discovered
that reversing the expression of TMEM100 inhibited NP
and microglia (Iba-1), astrocytes (GFAP), and inflammatory
mediators (IL-1β, TNF-α, and IL-6). Overall, the findings of
this study direct that TMEM100 is an important pain-
regulating protein that plays an important role in NP and
may alleviate pain by reducing inflammatory mediators.

TMEM100 is a two-transmembrane protein that is
widely distributed in various tissues. It has been reported
that TMEM100 is expressed in blood vessels, notochords,
and other tissues and is related to kidney development,
angiogenesis, and lung cancer metastasis [10, 35, 36]. The
expression of TMEM100 has recently been found in the
nervous system [14]. However, the expression and role of
TMEM100 in NP are still unclear.

To further determine the association between TMEM100
and pain, we established two pathological pain models: CCI
and TNI. The CCI model is a well-established [30] and the
most used pain model in research. Pain is induced by the
compression of four thread knots of the SN trunk, and rats
may experience paresthesia, mechanical allodynia, and calo-
ric allodynia in the operated limb, similar to the character-
istics of human NP [37]. The TNI model is an optimized
derivative type of spared nerve injury (SNI). It has the typical
characteristics of SNI class and some advantages. Lee et al.
[31] found that simultaneous transection of the tibial and
sural nerves or a single TNI resulted in more severe pain
threshold changes. The tibial nerve may play an important
role in the pain process [38]. Therefore, researchers believed
single TNI to be a more stable and efficient model of periph-
eral NP than classic SNI [39].

We performed behavioral tests on rats with two different
pain models and evaluated the expression of TMEM100 in
each group. We found that the pain production was accom-
panied by changes in the TMEM100 expression in the DRG of
rats in the two painmodels. The expression of TMEM100 was
significantly reduced in the two groups, so we hypothesized a
close relation of TMEM100 in the generation or regulation of
pain. Interestingly, although the expression of TMEM100 was
significantly decreased in both CCI and TNI groups com-
pared to the normal group, the decrease in TMEM100 was
more pronounced in the CCI model. Many studies have dem-
onstrated that [9] the downregulation of TMEM100 may be
related to the proliferation of astrocytes and microglia after
nerve injury. By detecting astrocyte-specific marker (GFAP)
and microglia-specific marker (Iba-1), we discovered that
there were different degrees of elevation in both pain models;
in the CCI model, the elevation of GFAP and Iba-1 was more
pronounced than that of TNI, which explained the decrease of
TMEM100 in NP, and lower expression of TMEM100 in CCI
compared to TNI model.

The function of TMEM100 is implicated in many
aspects of biology. For example, TMEM100 is involved in
the control of developmental proliferation and differentia-
tion [40]. It plays a role in cell development and differenti-
ation through pathways such as transforming growth
factor-bone morphogenic protein in the enteric nervous
system. It has essential functions in maintaining vascular
integrity as well as in the formation of blood vessels. Mean-
while, TMEM100 acts as a tumor suppressor in various
tumor cells to inhibit metastasis and proliferation [41].
Pan et al. [24] demonstrated that TMEM100 is crucial for
the secretion of inflammatory factors and found that TNF-α
had an inhibitory effect on the expression of TMEM100,
while decreased TMEM100 expression could significantly
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reduce the secretion of inflammatory factors such as IL-1β
and IL-6. This is consistent with the findings of our study
that the expression of TNF-α, IL-1β, and IL-6 in DRG of
CCI and TNI rats decreased after overexpression of
TMEM100. The release of inflammatory mediators (TNF-
α, IL-1β, and IL-6) is closely related to the pathogenesis of
NP. These inflammatory mediators contribute to central
spinal cord sensitization, thereby enhancing the develop-
ment of NP [42, 43].

Activation of glial cells and interactions between these
cells and neurons may be involved in nociception in the cen-
tral and peripheral nervous systems [44]. Glial cells, including
astrocytes and microglia, are involved in the induction and
maintenance of NP [45]. The vital role astrocytes play upon
activation may be related to the production of cytokines after
injury [46]. It has been suggested that upregulation of GFAP,
a marker of astrocyte activation following injury, has a role in
the maintenance of NP [47]. One study found that upregula-
tion of GFAP persisted from 3 to 21 days after nerve injury
[48]. This study showed that GFAP levels increased in the

groups of CCI and TNI models injected with empty virus
(AAV6-GFP group). In contrast, the group injected with a
virus carrying TMEM100 (AAV6-TMEM100) exhibited
attenuated GFAP levels in CCI and TNI models.

Furthermore, the activation of microglia has a key role in
the central sensitization of NP [49]. The pathological condi-
tion of NP results in microglia activation: microglia release
many pro-inflammatory cytokines, such as TNF-α, along
with glutamate release, excess reactive oxygen, and apoptosis.
In this study, we detected different degrees of elevation of
Iba-1, a marker of microglia activation, among the rats of
AAV6-GFP group in the CCI and TNI models. The levels of
Iba-1 in the AAV6-TMEM100 group were significantly
decreased. Yu et al. [9] proved through in vitro experiments
that overexpression of TMEM100 in astrocytes and micro-
glia cell lines significantly inhibited their proliferation and
found through animal experiments that TMEM100 may
play a role in the control of satellite glial cells (SGCs) pro-
liferation. It is believed that glial cell proliferation in ani-
mals after nerve injury may be the reason for the
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FIGURE 5: (a) The expression of TMEM100 protein in normal group and virus transfection group (AAV6-GFP and AAV6-TMEM100
groups). (b) The expression of CCI and TNI rat spinal cord in virus transfection group. The expression of TMEM100 protein on the model
side (R) and the unmodeled side (L). (c) The histogram of expression of TMEM100 protein of CCI in the virus transfection group. (d) The
expression of TMEM100 protein of TNI in the virus transfection group. The histogram of expression level. (e) The histogram of expression
level of TMEM100 protein in the spinal cord of CCI rats in the virus transfection group. (f ) The histogram of expression level of TMEM100
protein in the spinal cord of TNI rats in the virus transfection group; ∗P<0:05 and ∗∗P<0:01.
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FIGURE 6: (a) Immunofluorescence detection of relative fluorescence intensity of TMEM100 in CCI rat normal group and virus transfection
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FIGURE 7: Western blot was used to detect the difference of protein expression of microglia (Iba-1), astrocytes (GFAP), and inflammatory
mediators (TNF- α, IL-6, and IL-1 β) between CCI (a) and TNI (b) groups (AAV6-GFP group and AAV6-TMEM100 group). (c) Histogram
of protein expression in CCI group; (d) histogram of protein expression in TNI group.
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downregulation of TMEM100 expression, which is consis-
tent with our findings.

After we injected AAV6-TMEM100 into SN of rats, the
expression of TMEM100 in both CCI and TNI rats was
significantly increased, and the expression of pain behavior
was significantly improved, which also reflected the potential
therapeutic mechanism of analgesic effect of TMEM100.
Therefore, AAV6-mediated DRG-targeted delivery of

TMEM100 has the potential to be translated into clinical
use for treating patients with NP, although long-term safety
requires further study.

5. Conclusions

This study found that the expression level of TMEM100
was decreased in NP. By upregulating the expression of
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TMEM100 groups) in CCI and TNI groups by qRT–PCR detection (TNF-α, IL-6, and IL-1β) mRNA expression differences. ∗∗P<0:01.
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TMEM100, the activation of glial cells and inflammatory
mediators can be reduced to relieve pain. We believe that
TMEM100 may be helpful in the treatment of NP.
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Purpose. There have been many studies in the operative management of pyogenic spondylodiscitis with foreign materials.
However, it still remains an issue of debate on whether the allografts may be used in pyogenic spondylodiscitis. This study
sought to evaluate the safety and effectiveness of PEEK cages and the cadaveric allograft in transforaminal lumbar interbody
fusion (TLIF) for treating lumbar pyogenic spondylodiscitis. Methods. From January 2012 to December 2019, 56 patients
underwent surgery for lumbar pyogenic spondylodiscitis. The posterior debridement of all patients and their fusion with
allografts, local bone grafts, and bone chip cages were performed before posterior pedicle screw fusion. An assessment of the
residual pain, the grade of neurological injury, and the resolution of infection was conducted on 39 patients. The clinical
outcome was evaluated using a visual analog scale (VAS) and the Oswestry Disability Index (ODI), and neurological outcomes
were appraised based on Frankel grades. The radiological outcomes were evaluated via focal lordosis, lumbar lordosis, and the
state of the fusion. Results. Staphylococcus aureus and Staphylococcus epidermidis were the most common causative
organisms. The mean preoperative focal lordosis was −1.2° (−11.4° to 5.7°), and the mean postoperative focal lordosis increased
to 10.3° (4.3°–17.2°). At the final follow-up, there were five cases with subsidence of the cage, no case of recurrence, and no
case with cage and screw loosening or migration. The mean preoperative VAS and ODI scores were 8.9 and 74.6%,
respectively, and improvements in VAS and ODI were 6:6 ± 2:2 and 50:4 ± 21:3%, respectively. The Frankel grade D was
found in 10 patients and grade C in 7. Following the final follow-up, only one patient improved from Frankel grade C to grade
D while the others recovered completely. Conclusion. The PEEK cage and cadaveric allograft combined with local bone grafts
is a safe and effective choice for intervertebral fusion and restoring sagittal alignment without increased incidence of relapse for
treating lumbar pyogenic spondylodiscitis.

1. Introduction

Pyogenic spondylitis continues to represent a worldwide prob-
lem. Pyogenic spondylitis is relatively rare with an incidence
between 0.4 and 2.0 cases per 100,000 each year but can be
severe and life-threatening [1, 2]. A conservative strategy,
primarily antibiotic therapy and bracing may be effective in
managing spondylodiscitis that does not lead to osseous
destruction and subsequent instability. Surgical treatment is

necessary inmore advanced states, especially those with signif-
icant instability, deformity, and/or neurological deficits [3].
Today’s gold standard of care includes instrumentation of
the posterior pedicle screw, radical disc debridement, and
intervertebral fusion with titanium cages or autologous bone
grafts [4–7].

In terms of the fusion rate, titanium cages are reliable,
but the incidence of subsidence and secondary kyphotic
deformity remains controversial [5, 6, 8, 9]. Biocompatible
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polyetheretherketone (PEEK) cages are used extensively in
various degenerative spinal diseases as biocompatible alter-
natives to metal implants. Although some studies have
reported that PEEK cages are safe for patients with pyogenic
spondylodiscitis [10], the implementation and modification
of PEEK cages still need to be further explored.

Local bone grafts from the facet or lamina, however, may
be insufficient for satisfied intervertebral fusion in lumbar
pyogenic spondylodiscitis. Despite widespread acceptance
of tricortical bone grafting for intervertebral fusion, postop-
erative pain and fracture at the donor site remain serious
management issues. Allografts appear to be a promising
option, but it still remains an issue of debate whether the
allografts could be used in active spinal infection. Few stud-
ies have focused on the application of cadaveric allografts
and PEEK cages for treating lumbar pyogenic spondylodisci-
tis. As a consequence, we aimed to determine whether the
use of PEEK cages and cadaveric allografts for treating lum-
bar pyogenic spondylodiscitis was safe and effective.

2. Materials and Methods

Fifty-six patients underwent surgery for lumbar pyogenic
spondylodiscitis from January 2012 to December 2019, and
39 patients were assessed in this study. The surgical indica-
tions included medical treatment failure, severe pain, verte-
bral destruction resulting in segmental kyphosis, instability,
or neurological deficits. All patients were treated with a pos-
terior debridement and fusion with cadaveric allograft and a
PEEK cage loaded with bone chips, prior to posterior pedicle
screw fixation. In this study, follow-up time for patients
averaged 28.3 months, lasting for at least 2 years.

Clinical presentation; imaging findings including X-ray,
CT, and MRI; and hematological examinations were used
to formulate the diagnosis of lumbar pyogenic spondylodis-
citis. An acute spinal hematogenous infection was diagnosed
in all patients. Each patient’s intraoperative specimens were
processed for Gram staining, aerobic and anaerobic culture
and sensitivity, fungal culture, and acid-fast staining.

In the surgical strategy, instrumentation of the posterior
pedicle screw was followed by intervertebral disc resection,
bony debridement, and an intervertebral fusion. A normal
saline irrigation was performed after removing the infected
tissue from the disc space. Subsequently, cadaveric allografts
and local bone grafts were inserted into the disc space, and
then, the intervertebral PEEK cage filled with bone chips
was implanted obliquely to bridge the endplates in a unilat-
eral TLIF technique. There was no harvesting of the iliac
crest bone in any of the patients. Afterwards, a standard
single-layer closure was utilized to close the wound.

VAS and ODI were used to evaluate clinical outcomes,
while the Frankel scale was used to evaluate neurological
results. Postoperatively, lateral X-ray and CT were used to
assess the interbody fusion, subsidence, segmental lordosis,
and lumbar lordosis. The following criteria were used to
determine if fusion was successful: the contiguous bony
bridge that connects the instrumented vertebrae, absence
of the radiolucency around the cages, and no implant failure.
Subsidence is defined as more than 5mm of sinking of the

cage or disc space compared with immediate postoperative
imaging. Based on preoperative and follow-up radiographs,
segmental lordosis of the fusion level was assessed.

A short period of broad-spectrum intravenous antibiotic
therapy was followed by adjustment based on the antibio-
gram. After surgery, all patients received intravenous antibi-
otics for a minimum of four weeks, followed by oral
antibiotics for at least four weeks or until the CRP and ESR
levels returned to normal [11]. In cases without positive cul-
tures, vancomycin and meropenem are given to eliminate
both gram-positive and gram-negative bacteria until ESR
and CRP levels back to normal.

Patients were evaluated for infection resolution, residual
pain, neurological grade, Cobb angle, lumbar lordosis, and
fusion and implant statuses at their follow-up visits. Mac-
nab’s criteria were used to assess clinical outcome.

SPSS (version 20.0) was used to analyze the data. One-
way repeated measure analysis of variance (ANOVA) was
used to compare the indicators in the same group at different
time points, while the Friedman test was used for data that
does not fit Gaussian distribution. We set a statistical signif-
icance threshold at less than 0.05.

3. Results

In this study, the median patient age was 63 years old, and
females predominated (64.1%). All patients had back pain,
eight patients (20.5%) had radicular pain, and only seven-
teen patients (43.6%) had a fever upon presentation. It
took an average of 1.8 months (0.5 to 4 months) from
symptom onset to diagnosis. There were 14 patients with
infection at L4/5 (35.9%), followed by L3/4 in 11 patients
(28.2%), L5/S1 in 9 patients (23.1%), and L2/3 in 5 patients
(12.8%) (Table 1).

The duration of operation was 106 ± 24:3 minutes.
Blood loss during the operation was 205 ± 84:1ml. Histopa-
thological examination of the intraoperative biopsy con-
firmed the diagnosis, demonstrating an infiltration of
inflammatory cells and vascular proliferation associated with
granulation tissue. Bacteria cultures were conducted on all
observed specimens taken from the infected site during
operation, but only thirty-three positive cultures were found.
Staphylococcus aureus was the most common causative
organism, detected in twenty-three patients. Of the twenty-
three patients, two were positive with methicillin-resistant
Staphylococcus aureus. Six patients had Staphylococcus epi-
dermidis, one patient had Streptococcus suis, one patient
had Escherichia coli, one patient had Acinetobacter bau-
mannii, and one patient had Corynebacterium (Table 2).

3.1. Radiological Outcomes. The extent of the lesion was
determined via preoperative MRI scans. Bony destruction,
instability, and deformity were assessed via preoperative X-
rays and CT scans. Focal lordosis and lumbar lordosis were
measured by using the Cobb method on preoperative and
postoperative radiographs. As shown in Table 3, the mean
preoperative focal lordosis was −1.2° (−11.4° to 5.7°), and the
mean postoperative focal lordosis significantly increased to
10.3° (4.3°–17.2°). The mean two-year postoperative focal
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lordosis was maintained at 9.8° (4.1°–16.9°). Mean preopera-
tive lumbar lordosis was 21.6° (13.6°–27.5°), and the mean
postoperative lumbar lordosis significantly increased to 31.5°

(26.1°–37.2°). The mean two-year postoperative lumbar lordo-
sis was maintained at 30.6° (24.9°–36.8°). During the final fol-
low-up, thirty-eight patients had bone bridging across the
fusion site, indicating a definitive fusion (Figure 1). At the final
follow-up, one patient was suspected to have pseudoarthrosis,
five cases showed cage subsidence, and one case showed cage
and screw migration or loosening.

3.2. Neurological Function. In 17 patients, lower-extremity
weakness or sensory changes were noted, although they
were rarely severe. Frankel grade D was found in 10 patients
and grade C in 7. At the final follow-up, 16 patients recov-
ered completely, while only 1 patient with grade C improved
to grade D.

3.3. Clinical Outcomes. There was a mean preoperative VAS
score of 8.9 and a mean ODI score of 74.6% among all patients.
In the two-year follow-up, VAS and ODI scores improved by
6:6 ± 2:2 and 50:4 ± 21:3%, respectively (Table 4).

On the final follow-up, all infections had been cleared.
Overall, thirty-three patients (84.6%) had complete pain
relief, while six (15.4%) had slight residual pain that did

not limit daily activity or need frequent analgesic use. Based
on Macnab’s criteria [12], thirty-three patients (84.6%) had
excellent results, five patients had (12.8%) good results,
and only one patient (2.6%) had a fair result.

4. Discussion

Although imaging, microbiology, and histopathology tech-
niques have improved, the early diagnosis of pyogenic spon-
dylosis remains challenging. There is always a delay of
diagnosis as reported in some studies [13, 14]. Similarly, a
median delay of 1.8 months was observed before the correct
diagnosis in our series. Two factors might account for this
delay of diagnosis. One is that there was no specific symp-
tom in the early stage of lumbar pyogenic spondylodiscitis
except for back pain, and the other is that our hospital serves
as a tertiary care center for a large region, where patients
usually present after failing to receive successful treatment
elsewhere. The delay in diagnosis always leads to greater tis-
sue destruction, spinal instability, local kyphotic deformity,
and worsening neurological deficits.

Several strategies have been described for the treatment
of lumbar pyogenic spondylodiscitis. It was found that autol-
ogous bone grafting after debridement proved to be the most
efficient and safe method of treating active infections, irre-
spective of the organism causing the infection, according to
Wiltberger in 1952 [15, 16]. Nevertheless, complications,
such as pain at the donor site, frequently occur, so grafting
with other materials has been introduced. As an additional
material, the cadaveric allograft was widely used in treating
degenerative spinal disorders, whereas only a minority of
the studies reported the cadaveric allograft for interbody
fusion in pyogenic spinal infection [17–19]. The application
and generalization of the cadaveric allograft in lumbar pyo-
genic spondylodiscitis still needs to be further confirmed.

Aside from this, some authors claim that grafting with for-
eign material may reduce antibiotic efficiency and increase the
adhesion of bacteria [16, 20]. In comparison to stainless steel,
titanium has proven less prone to bacterial colonization [21].
Pee et al. [8] reported the efficacy of titanium cages, titanium
mesh cages, and PEEK cages in treating pyogenic spondylodis-
citis. They compared clinical and radiological results between
patients with pyogenic spondylodiscitis who were treated with
cages and struct bone grafts for interbody fusion and found
that the struct group had a higher subsidence rate. Cages pro-
vided a stronger stability than the struct grafts, which was
more favorable for bony fusion. Moreover, studies have shown
that PEEK cages do not affect the radiological outcome and
increase the risk of reinfection compared to titanium cages
[9]. Shiban et al. demonstrated that the use of PEEK cages
for interbody fusion is feasible and safe in patients suffering
from a pyogenic spinal infection [10]. Similarly, Tschöke
et al. [22] proved the efficacy of PEEK interbody cages in treat-
ing lumbar pyogenic spondylodiscitis, allowing a stable and
solid bony fusion through the posterior TLIF approach. In this
study of thirty-nine cases suffering from lumbar pyogenic
spondylodiscitis, we reviewed the primary radiological and
clinical outcomes. The foreign materials including PEEK and
the cadaveric allograft did not seem to affect the clinical

Table 1: Basic data of patients (x ± s, n = 39).

Characteristics

Age at surgery 63:0 ± 12:7
Sex

Male 14 (35.9%)

Female 25 (64.1%)

Infected level

L2/3 5 (12.8%)

L3/4 11 (28.2%)

L4/5 14 (35.9%)

L5/S1 9 (23.1%)

Fever 17 (43.6%)

Operation time (min) 106:0 ± 24:3
Blood loss (ml) 205:0 ± 84:1
Follow-up period (month) 28:3 ± 8:5

Table 2: Organisms from specimen culture findings.

Organism Number of patients

Staphylococcus aureus 21

Methicillin-resistant Staphylococcus aureus 2

Staphylococcus epidermidis 6

Streptococcus suis 1

Escherichia coli 1

Acinetobacter baumannii 1

Corynebacterium 1

Not identified 6

3Mediators of Inflammation



outcome and the risk of reinfection. In the present study, we
were able to demonstrate that there were no cases of recurring
inflammation in patients treated with the PEEK material and
allograft after a minimum follow-up of 24 months.

Spinal instrumentation has proven to be safe and effective
when used in the presence of active infection [23–25]. Biofilms
that bind organisms to implants do not appear to pose any sig-
nificant clinical risks. According to Hee et al., patients with or
without posterior instrumentation had differing outcomes
[26]. In comparison to patients who underwent anterior fusion
alone, the posterior instrumentation significantly corrected
sagittal alignment by 6.2 times (11:1 ° ±7:4 ° compared with

1:8 ° ±4:6 ° , p = 0:005). Our study also found that the patients
treated with additional instrumentation obtained an 11.5° cor-
rection of the sagittal alignment postoperatively that was main-
tained at final follow-up. In comparison with noninstrumented
cases, posterior instrumentation provides greater sagittal bal-
ance, little loss of correction, and more satisfied fusion rates.

A 97% fusion rate was achieved in our series. Kim et al.
[17] reported that 93.3% of patients (14 of 15) using the cadav-
eric allograft showed osseous union while only 83.3% of
patients using the titanium cage showed union. The cadaveric
allograft in combination with the PEEK cage may explain the
higher fusion rate in our series. On the one hand, the amount
of the bone graft for fusion is sufficient because of the cadav-
eric allograft. On the other hand, the PEEK cage increases
the stability and benefits bone fusion.

The PEEK cage can restore and maintain sagittal align-
ment in treating lumbar pyogenic spondylodiscitis, and the
cadaveric allograft can be a useful adjunct for intervertebral
fusion. The posterior interbody fusion with the cadaveric allo-
graft and PEEK cage followed by the pedicle screw fixation
does not increase relapse rates and is a safe and effective surgi-
cal option for treating pyogenic spondylodiscitis.

Table 3: Focal and lumbar lordosis before and after surgery (x ± s, n = 39).

Parameters Preoperative 1-month postoperative 2-year postoperative p

Focal lordosis −1:2 ± 5:3 10:3 ± 3:7a 9:8 ± 3:8a <0.001
Lumbar lordosis 21:6 ± 4:3 31:5 ± 3:6a 30:6 ± 3:7a <0.001
Note: comparison between preoperative and postoperative parameters; ap < 0:05.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 1: A 68-year-old male with lumbar pyogenic spondylodiscitis. (a) Preoperative lumbar spine X-ray. (b) Preoperative lumbar CT
image. (c) T1-weighted image showed hypointensity of L4–L5 vertebral body. (d) T2-weighted fat-suppression sequence showed relative
homogeneous enhancement of vertebral bodies and remarkable hyperintensity of the disc. (e, f) Postoperative lumbar radiological
images. (g, h) Radiological images at 3 months postoperatively. (i, j) The CT scan showed solid interbody fusion at 1 year after surgery.

Table 4: VAS and ODI scores before and after surgery (x ± s, n = 39).

Parameters Preoperative
1-month

postoperative
2-year

postoperative
p

VAS 8:9 ± 1:1 4:3 ± 1:3a 2:3 ± 1:7a <0.001
ODI 74:6 ± 11:8 39:7 ± 9:4a 24:2 ± 13:9a <0.001
Note: VAS: visual analog scale; ODI: Oswestry Disability Index.
Comparison between preoperative and postoperative parameters; ap < 0:05.
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Intervertebral disc degeneration (IDD) is a major contributor to back, neck, and radicular pain. It is related to changes in tissue
structure and function, including the breakdown of the extracellular matrix (ECM), aging, apoptosis of the nucleus pulposus, and
biomechanical tissue impairment. Recently, an increasing number of studies have demonstrated that inflammatory mediators play
a crucial role in IDD, and they are being explored as potential treatment targets for IDD and associated disorders. For example,
interleukins (IL), tumour necrosis factor-α (TNF-α), chemokines, and inflammasomes have all been linked to the pathophysiology
of IDD. These inflammatory mediators are found in high concentrations in intervertebral disc (IVD) tissues and cells and are
associated with the severity of LBP and IDD. It is feasible to reduce the production of these proinflammatory mediators and
develop a novel therapy for IDD, which will be a hotspot of future research. In this review, the effects of inflammatory
mediators in IDD were described.

1. Introduction

Intervertebral disc degeneration (IDD) is a disease of the
discs that link adjacent vertebrae, with structural damage
leading to a degeneration of the discs and surrounding areas.
The intervertebral disc (IVD) is a fibrocartilage tissue that
joins the adjacent vertebral bodies in the spine. The nucleus
pulposus (NP) is the central component of the IVD and is
rich in elastic colloidal compounds, including proteoglycans
and type II collagen [1]. IDD can be diagnosed and graded
by conventional T2-weighted magnetic resonance images,
in which the colour and homogeneity of the disc, distinction
of nucleus and annulus, disc signal intensity, and disc height
are the basis for grading [2]. IDD is associated with disc
herniation, spondylosis, lumbar spinal stenosis, sagittal
imbalance of the spinal-pelvic complex, and neurological
symptoms, such as low back pain (LBP), limb numbness,
and decreased muscle strength [3–5]. The most common
symptom of IDD is LBP, which impacts the quality of life
of middle-aged and elderly individuals while increasing the
economic burden on families and society [6, 7]. Although
current evidence-based medicine has identified IDD as the

result of a variety of genetic, traumatic, inflammatory, life-
style, aging, and nutritional variables, the pathogenic pro-
cesses implicated in the development of IDD remain
unclear [8–14]. Currently, treatment options include nonin-
vasive therapy such as medications, multiple physical modal-
ities, and multidisciplinary biopsychosocial rehabilitation;
interventional treatments, such as intradiscal radiofrequency
and epidural injections; regeneration by injecting solutions of
papain and methylene blue into the disc; and surgical
approaches, such as intervertebral fusion or artificial disc
replacement. Despite advances in pain relief therapies, they
provide only temporary relief and are associated with com-
plications [15].

IDD progresses due to cellular and biochemical changes
in the IVD microenvironment, resulting in progressive func-
tional and structural damage. The main pathological features
of IDD include the production of proinflammatory media-
tors, progressive loss of ECM, increased cellular senescence
and apoptosis, and phenotypic changes in healthy NP cells
[13, 14, 16, 17]. Many molecular biology studies have dem-
onstrated increased expression of inflammatory mediators
such as IL-1β, TNF-α, IL-6, IL-8, and IL-20 in degenerative
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IVD [18–23]. Increased plasma inflammatory mediator con-
centrations are related to the degree of IDD and the severity
of LBP [24]. Advances in inflammatory mediator mecha-
nisms will significantly promote the translation of molecular
research into clinical practice, offering new paths for devel-
oping IDD medication. This review is aimed at discussing
the research on the potential function of inflammatory
mediators in IDD.

2. Upstream and Downstream
Regulatory Networks

Disc degeneration was derived from several initializing fac-
tors, such as genetics, mechanical stress, aging, trauma, and
environmental factors [25–29]. These initializing factors lead
to morphological changes in the disc tissue and surrounding
structures, including a series of changes such as rupture of
the annulus fibrosus (AF), NP herniation, and calcification
of the cartilage endplates (CE). Since the intervertebral disc
is a nearly wholly enclosed avascular tissue with few sources
of nutrition, accumulation of degraded organelles and waste
materials that are difficult to metabolize occurs, and a closed
acidic environment gradually develops, leading to an imbal-
ance in the internal and external environment, which prop-
agates inflammatory signals and causes a massive release of
inflammatory mediators [1], including IL-1α, IL-1β, IL-2,
IL-6, IL-8, IL-9, IL-10, IL-17, TNF-α, chemokines, the
NLRP3 inflammasome, and nitric oxide. These inflamma-
tory mediators can activate signalling pathways, such as
the NF-κB, PI3-K/Akt/mTOR, TGF-β, JAK-STAT, Wnt/β-
catenin, and MAPK pathways, resulting in a range of patho-
logical responses within the IVD, including an enhanced
inflammatory response, promote ECM degradation, acceler-
ate cellular senescence, increased intracellular ROS, promo-
tion of apoptosis or pyroptosis, regulation of NP cell
proliferation, and increased angiogenesis and neoinnerva-
tion. Ultimately, this process exacerbates the development
of IDD. A schematic diagram of this pathological process
is shown in Figure 1.

3. Sources of Inflammatory Mediators

Inflammatory mediators can be secreted by endogenous
intervertebral disc cells and exogenous immune cells [30].
The normal aging process associated with genetic suscepti-
bility leads to degeneration of the IVD, causing alterations
in the ECM, such as a reduced number of functional cells,
reduced proteoglycan content, malnutrition, dehydration,
matrix breakdown, and calcification. Modifications in the
ECM affect the typical response of the IVD to mechanical
loading. The IVD becomes prone to microfissures and con-
sequent ingrowth of nerve tissue and blood vessels. Frag-
ments and microcrystals of the ECM may internally cause
an inflammatory response, stimulating endogenous IVD
cells to produce proinflammatory mediators such as IL-1β,
IL-6, and IL-8, further promoting a chain reaction of tissue
degeneration. In addition, NP is recognized by the immune
system as nonself when exposed to tissues, such as through
microfissures or protrusions, thereby recruiting inflamma-

tory cells such as macrophages, endothelial cells, B cells,
and T cells. These inflammatory cells can secrete inflamma-
tory mediators. A brief overview of the various cells express-
ing different cytokines is presented in Figure 2.

4. Inflammatory Mediators

Table 1 shows the inflammatory mediators associated with
IDD.

4.1. Interleukin (IL)

4.1.1. IL-1α. IL-1α is a critical inflammatory mediator pri-
marily released by monocytes, macrophages, dendritic
cells, and endothelial cells [31]. IL-1α and IL-1β act in
the same way, and their receptors share the same ligand
binding and signal transduction pathways [32]. However,
unlike IL-1β, IL-1α activity is not dependent on the
inflammasome caspase-1 pathway [33]. Several studies
have found that IL-1α levels in degenerative lumbar disc
tissue are elevated compared with those in normal lumbar
disc tissue and that IL-1α levels are positively associated
with the severity of IDD [31, 34]. Previous meta-analyses
revealed that the IL-1α (+889C/T) polymorphism was
related to the increased incidence of IDD in Caucasian
and Chinese Han populations [35, 36]. IL-1α has been
found to accelerate IDD development by increasing extra-
cellular matrix-degrading enzyme production and inhibit-
ing extracellular matrix synthesis [37, 38]. IL-1α may
also play a role in cartilage endplate degeneration by reg-
ulating MMP-3 and TIMP-3[39]. Furthermore, IL-1α
could contribute to LBP by inducing IVDs to produce
prostaglandin E2 and other inflammatory chemicals [40].
The sensitivity of bradykinin can be enhanced by IL-1α,
which directly irritates nerve roots and hence contributes
to IDD-induced neuralgia [41]. The synthesis and signal
transduction pathways of IL-1α and IL-1β are shown in
Figure 3. In conclusion, IL-1α is of paramount importance
in the development of IDD.

Two distinct genes encode IL-1α and IL-1β. Both pro-
teins are produced as propeptide precursors (pro-IL-1α
and pro-IL-1β). Pro-IL-1α is a physiologically active mole-
cule with intracellular and extracellular effects. Pro-IL-1α
has a nuclear localization sequence at its N-terminus and
exists in high quantities in the nucleus. Pro-IL-1α is also
produced as a membrane-bound cytokine after myristoyla-
tion, where it is most likely engaged in cell–cell interactions.
Less frequently, the precursor form can be cleaved by a
calpain-like protease to generate secreted IL-1α and an N-
terminal peptide. Pro-IL-1α and the N-terminal peptide
can be physiologically active after nuclear translocation. Cas-
pase 1 cleaves pro-IL-1β into IL-1β, which may be released
as a soluble, functional protein. Pro-IL1α, IL-1α, and IL-1β
can all bind to IL1R1, allowing the recruitment of the
IL1RAcP coreceptor. A series of events downstream of the
IL-1R complex activate essential signalling proteins, such
as mitogen-activated kinases (JNK, p38, and ERK1/2) and
transcription factors, such as NF-κB (p65 and p50 subunits)
and c-Jun (an AP-1 subunit), which regulate the expression
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of several inflammatory and catabolic genes. Signalling
through the IL-1R complex can be modulated by the inhib-
itory effects of IL-1R2, sIL-1R2, sIL-1RAcP, and IL-1Ra.

4.1.2. IL-1β. IL-1β is a crucial inflammatory mediator with a
wide range of actions and activities on various cells that can
lead to various inflammatory processes. Systemically, IL-1β
signalling generates an acute phase response, hypotension,
vasodilation, and fever; locally, IL-1β signalling leads to an
increase in adhesion molecules, which increases lymphocyte
recruitment and amplifies the inflammatory response [42].
IL-1β expression has been demonstrated to be significantly
increased in degenerative IVDs and is related to symptoms
of LBP [43–46].

As shown in Figure 4, IL-1β may influence the develop-
ment of IDD through several mechanisms. First, IL-1β can
enhance the inflammatory response of the IVD by increasing
the production of inflammatory mediators, such as IL-6, IL-
8, IL-17, prostaglandin E2, chemokines, and the NLRP3
inflammasome [47–50]. Second, IL-1β regulates ADAMTS
andMMP production in the IVD, resulting in ECM degrada-
tion [38, 51–53]. Third, the output of senescence-associated-

galactosidase (SA-β-Gal) can be enhanced by IL-1β, indicat-
ing that this inflammatory mediator may accelerate IDD
development by hastening cellular senescence [54–57].
Fourth, IL-1β can promote apoptosis and pyroptosis in NP
cells by regulating the NF-κB and MAPK pathways, which
hastens the development of IDD [50, 53, 58, 59]. Fifth, it
was demonstrated that IL-1β regulated NP cell proliferation
leading to the development of IDD [56, 60]. Additionally,
IL-1β increases intracellular reactive oxygen species (ROS),
and excessive ROS accumulation can lead to oxidative stress
and the progression of IDD [61–63]. Finally, IL-1β might
increase angiogenesis and neoinnervation inside IVDs by
increasing the synthesis of vascular endothelial growth factor
(VEGF), nerve growth factor (NGF), and BDNF [64, 65]. In
conclusion, IL-1β plays a significant role in IDD and may
be a promising therapeutic target.

4.1.3. IL-2. IL-2, found on 4q27, is mainly generated by
mature T cells and acts as a growth factor for T and B cells,
playing a role in their growth. IL-2 is increased in individ-
uals with lumbar disc herniation and influences human
NPC proliferation, apoptosis, and ECM degradation through
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the MAPK pathway [66]. Furthermore, IL-2 gene variations
have been revealed as susceptibility factors for IDD, indicat-
ing that IL-2 may play a role in the development of IDD
[67]. In conclusion, IL-2 has a function in IDD, but the exact
mechanism is still unclear.

4.1.4. IL-4. IL-4 is a cytokine produced by T cells that regu-
lates the activity of various immune cells. IL-4 is primarily
generated by immune cells, but its receptors are found in var-
ious cell types and promote cell proliferation and differentia-
tion, tissue regeneration, and neurological function. It was
discovered that IL-4 expression was significantly higher in
IDD patients than in healthy controls [68–70]. Interestingly,
unlike IL-1, IL-4 exhibits direct anti-inflammatory actions by
binding to the IL-4RA receptor on 16p12.1 and blocking the
induction pathway of IL-1 and TNF-α [71–75]. In conclu-
sion, IL-4 performs an anti-inflammatory function in IDD
and can be used to treat this disorder.

4.1.5. IL-6. IL-6 is an important cytokine that can be secreted
by T cells, macrophages, and NP cells. According to
research, patients with disc degeneration have higher serum
IL-6 levels than healthy controls [76, 77]. It has also been
demonstrated that increased serum IL-6 levels are associated
with disc degeneration-related LBP [78, 79]. Furthermore,
IL-6 levels are linked to the degree of disc degeneration
and pain intensity [80–83]. There are multiple potential
mechanisms for IL-6 involvement in IDD. IL-6 accelerates
the course of IDD by increasing the catabolic effects of IL-
1β and TNF-α on NP cells through the JAK/STAT signalling
pathway [84]. Moreover, IL-6 promotes apoptosis of neu-

rons in the dorsal root ganglion, resulting in sensory impair-
ment [85]. Furthermore, IL-6 promotes the degeneration of
NP cells by blocking miR-10a-5p and hence the IL-6R
signalling pathway, which in turn encourages chondrocyte
ferrogenesis [86]. In conclusion, IL-6 plays an essential role
in IDD and may be a target for future therapy.

4.1.6. IL-8. IL-8 is a chemokine with a distinct CXC amino
acid sequence [87]. IL-8 expression is considerably higher
in the disc tissue of IDD patients, indicating that it may have
a role in the disease [88–90]. IL-8 can activate microglia in
the spinal cord, promote the upregulation of neuroinflam-
matory markers such as IL-1β and TNF-α, and exacerbate
the inflammatory response, aggravating the development of
IDD [91]. IL-8 can also regulate angiogenesis by enhancing
extracellular matrix survival, proliferation, and MMP-2 pro-
duction through the MAPK signalling pathway, thereby
affecting IDD progression [87, 92, 93].

4.1.7. IL-9. IL-9 is a polymorphic cytokine that regulates the
Th2 inflammatory response [94]. IL-9 was shown to upreg-
ulate TNF-α and PGE2 production in NP cells, and its blood
levels were positively associated with the degree of disc
degeneration in IDD patients [95]. Therefore, IL-9 may play
a role in the autoimmune inflammatory process in IDD, but
the exact mechanism is not yet clear.

4.1.8. IL-10. Interleukin-10 (IL-10) is an important immune
system regulator that regulates inflammation and tissue
hemostasis [96]. IL-10 SNPs have been linked to IDD,
suggesting that genetic alterations in IL-10 may lead to
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intervertebral disc imbalances and degeneration [97]. The
expression of IL-10 is considerably higher in IDD patients,
indicating the close relationship between this inflammatory
cytokine and the disorder [70, 77]. Furthermore, in IDD
animal models, IL-10 expression levels in several spinal com-
ponents (bone, discs, and ligaments) were dramatically
upregulated [98]. According to previous studies, IL-10 may
hasten IDD development by intensifying the inflammatory
response [99, 100]. To summarize, IL-10 plays a role in the
degenerative process of IDD and can potentially be a new
therapeutic target.

4.1.9. IL-17A. IL-17 is a cytokine primarily generated by the
T helper 17 subsets of CD4+ T cells and plays a vital role in
various inflammatory disorders [101, 102]. It has six mem-
bers in its family, from IL-17A to IL-17F [103]. IL-17A,
one of the most important members of the IL family, has
been related to a range of degenerative illnesses [104, 105].
It has been demonstrated that IL-17A is more abundant in
degenerative disc tissue than in normal tissue [96, 106,
107]. There are various probable theories for the mechanism
of action. In NP cells, IL-17A can increase the production of
inflammatory markers, such as IL-6, COX-2, MMPs, IFN-γ,
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and TNF-α [106, 108–110]. IL-17A has been found to regu-
late the development of IDD by modulating the ECM
metabolism balance linked with ADAMTS-7 expression
[107, 111, 112]. In addition, IL-17A may accelerate the
development of IDD by blocking autophagy in human
degenerative NP cells through stimulation of the PI3K/Akt/
Bcl-2 signalling pathway [113, 114]. To summarize, the
involvement of IL-17 in IDD is significant, and it may be
an essential target for IDD treatment.

4.2. TNF-α. Tumour necrosis factor-alpha (TNF-α), located
at 6p21.33, is mainly synthesized as a transmembrane pro-
tein and is turned into an active molecule following process-
ing by specific enzymes, including TNF-α converting
enzymes [115]. TNF-α is a proinflammatory cytokine linked
to some pathological illnesses, including infections, autoim-
mune diseases, cancer, atherosclerosis, Alzheimer’s disease,
and inflammatory bowel disease [116–121]. TNF-α also reg-
ulates various developmental and immunological processes,
including inflammation, differentiation, lipid metabolism,
and apoptosis [122–124]. TNF-α has been linked to almost
every component of the human immune system [125].

Studies have shown that TNF-α expression is upregulated
in degenerative disc tissue more than in normal tissue
[126–129]. TNF-α levels were also found to be positively
associated with the severity of IDD [129–131]. In the absence
of substantial deterioration, transgenic mice overexpressing
human TNF-α exhibited early onset spontaneous disc herni-
ation [132]. In a porcine model, lumbar discs treated with
exogenous TNF-α displayed degenerative alterations, includ-
ing annular fissures, loss of NP matrix, vascularization, and
expression of IL-1β in the outer annulus, indicating that
TNF-α is a driver of disc degeneration [133].

As shown in Figure 5, TNF-α binds to two receptors:
TNF receptor type 1 (TNFR1) and TNF receptor type 2

(TNFR2). TNF-α may be implicated in IDD in many ways.
TNF-α has been demonstrated in multiple studies to trigger
IVDs by releasing many proinflammatory cytokines, includ-
ing IL-1, IL-6, IL-8, IL-17, NO, and PGE2, and chemokines,
which further exacerbate the inflammatory response of discs
[134–137]. TNF-α also increases the synthesis of substance P,
NGF, and VEGF, all of which can cause pain by sensitizing
the nervous system and driving neurovascular development
toward IVD [138, 139]. Furthermore, TNF-α stimulates
ECM breakdown mostly via the NF-κB/MAPK signalling
pathway [140–144]. TNF-α also interacts with its receptor
and affects the JNK/ERK-MAPK and NF-κB signalling path-
ways in NPCs during IDD, upregulating proapoptotic pro-
teins and downregulating antiapoptotic proteins, resulting
in apoptosis [145–149]. Furthermore, TNF-α has been
shown to cause premature senescence in NPCs [150, 151].
Additionally, TNF-α can affect the proliferation of NP cells
via the JNK, NF-κB, Notch, UPR/XBP1, and p38 MAPK
signalling pathways [152–156].

TNF-α is generally found as a stable homotrimer known
as mTNF-α. TACE, a metalloproteinase, can convert mTNF-
α to sTNF-α. TNF-α works via two distinct receptors,
TNFR1 and TNFR2. sTNF-α or mTNF-αmay bind to trans-
membrane TNFR1, resulting in a conformational shift and
release of the inhibitory SODD protein. Bound TNFR1
recruits several factors, including TRADD, RIP1, TRAF2,
and cIAP 1 and 2, to form complex I, which signals via the
NF-κB or MAPK pathway, and activate p65 or AP1. Com-
plex I signalling causes inflammation (through chemokines
and cytokines) and activates stromal catabolic genes (MMPs
and ADAMTSs), as well as survival-promoting genes (cIAP1
and 2, cFLIP, TRAF1, and TRAF2). In addition, mTNF-α
may also activate TNFR2, resulting in a similar complex
and downstream signaling cascade. In specific circum-
stances, TNFR1 bound to sTNF-α may be internalized into
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complex II, causing procaspase 8 to be converted into cas-
pase 8 and then caspase 3 to be activated, eventually leading
to apoptosis.

4.3. Chemokines. Chemokines are significant second-order
cytokines produced in response to stimuli and play an essen-
tial role in acute and chronic inflammation [134]. Based on
the primary cysteine residues involved in disulphide bond-
ing, chemokines have been categorized as C, CC, CXC, and
CX3C [157]. According to a bioinformatics study, numerous
chemokine genes may have a role in the development of
IDD caused by inflammatory reactions [158]. CCL2, CCL5,
CXCL6, CXCL12, CXCL20, C-X-C receptor 4 (CXCR4),
and stromal cell-derived factor 1 (SDF1) expression is con-
siderably elevated in IDD tissues [159–163]. Serum CCL3,
CXCL12, and SDF1 levels have also been demonstrated to
be positively associated with the degree of IDD [137, 162,
164, 165]. Chemokines may have a role in IDD through a
variety of pathways. Zhang et al. [166] discovered that the
CCL20/CCR6 pathway attracts IL-17-producing cells to
degenerate IVDs and that IL-17 is implicated in the autoim-
mune process of IDD in a rat model. Furthermore, CXCL12
promotes ECM disintegration and enhances MMP produc-
tion in human disc endplate chondrocytes [167]. SDF1/
CXCR4 was discovered to be higher in degenerating inter-
vertebral discs, and it promotes apoptosis of NPCs via the
NF-B pathway, leading to IDD [168]. Furthermore, the
SDF1/CXCR4 axis, via the PI3K/AKT pathway, can regulate
VEC survival, migration, tube formation, and angiogenesis
in human degenerative discs [169–171].

4.4. The NLRP3 Inflammasome. The NLRP3 inflammasome
is a multiprotein complex in the cytoplasm that consists of a
receptor, adaptor, and effector [172]. NLRP3 expression in
IDD was observed to be considerably higher than that in
normal disc tissue [173, 174]. There is further evidence from
MRI and histology that NLRP3 is linked to the progression
of IDD [175]. It has been demonstrated that overactivation
of the NLRP3 inflammasome results in the overproduction
of downstream IL-1, which is vital in the development of
IDD [173]. Activation of the NLRP3 inflammasome can also
cause apoptosis in NP cells [176, 177]. In addition, Propioni-
bacterium acnes can activate the NLRP3 inflammasome via
the TXNIP-NLRP3 pathway, causing pyroptosis of NP cells
and IDD [178]. In summary, the NLRP3 inflammasome
plays a crucial role in IDD, and more research is needed to
discover its mechanism of action.

4.5. Nitric Oxide. NP cells can create nitric oxide (NO), and
it was shown that NO production is enhanced in IDD and
that its synthesis relies on nitric oxide synthase (NOS)
[131]. TNF-α, IL-1β, lipopolysaccharide, and interferon-γ
were discovered to promote NO production [89, 179]. Nitric
oxide has proinflammatory effects, and its role as a vasodila-
tor promotes vascular leakage, inhibits proteoglycans, and
induces neuropathic pain, all of which contribute to IDD
[180]. In addition, NO is regarded as a member of the
ROS superfamily due to its similar effects to those of ROS,

and ROS hasten intervertebral disc degeneration. The spe-
cific mechanism is shown in Figure 6.

ROS alter the ECM of IVDs through oxidative modifica-
tion, eventually impairing the structure of IVDs. ROS acti-
vate multiple signaling pathways, such as the MAPK and
NF-κB pathways, thereby regulating autophagy, apoptosis,
senescence, and the phenotype of IVD cells, thus reinforcing
matrix degradation and inflammation and enhancing the
decrease in the number of functional IVD cells. Ultimately,
ROS/oxidative stress promotes the progression of IDD.

5. Therapeutic Prospects for IDD by
Targeting Inflammation

The inflammatory response that mediates the degenerative
cascade in IVDs is being targeted as a potential therapeutic
or prognostic strategy. Currently, the main goals of therapies
are to manage degenerated IVDs and relieve symptoms. The
conventional approaches include systemic medicine and sur-
gical decompression/discectomy. However, these methods
are not aimed at the pathogenesis of IDD. In this section,
we focused on reviewing and providing more information
on novel anti-inflammation therapies for IDD, including
intradiscal injections, gene therapies, MSC-based therapies,
and exosome-based therapies.

5.1. Intradiscal Injections. Injecting medications into the
IVD is one of the most straightforward ways to regulate
inflammation in IVDs. TNF-α inhibitors are examples of
medications administered in this way [181]. TNF inhibitors,
such as infliximab and Atsttrin, have been shown to decrease
the inflammatory response [182, 183]. Infliximab is an anti-
body against TNF-α. Injecting infliximab into the IVD of
rats alleviated discomfort compared with the control groups
[184]. Atsttrin is an inflammatory-related growth factor
consisting of three pieces of progranulin. In a mouse model,
this protein inhibited TNF-initiated inflammatory signaling
by binding directly to TNF-α receptors [185]. Additionally,
Atsttrin suppressed TNF-induced inflammatory cytokine
production, including production of MMP-13, COX-2,
iNOS, and IL-17, causing concomitant catabolic alterations
in cartilage, disc height, and NP cells in ex vivo cultured
rat discs [183].

The IL-1 inhibitor, IL-1 receptor antagonist (IL-1Ra),
binds to the IL-1 receptor (IL-1R) and blocks the transmis-
sion of inflammatory signals [141]. IL-1Ra may have a ther-
apeutic role in IDD, according to previous studies [38, 186,
187]. Injection of IL-1Ra into both degenerative and nonde-
generative human IVD tissues reduced the production of
matrix breakdown proteases, such as type II collagenase,
gelatinase, and caseinase [38]. Another study revealed the
therapeutic efficacy of IL-1Ra by applying polylactic-co-
glycolic acid (PLGA) microspheres as a delivery vehicle. In
NP cell cultures, IL-1Ra-PLGA microspheres attenuated
the degradative effects of IL-1β on NP cells by suppressing
NO production while restoring the levels of iNOS, IL-6,
ADAMTS-4, and MMP-13 [186].

COX-2, which controls PGE2 production in inflamma-
tory circumstances, is also a target for suppressing
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inflammation in IVDs [188]. In a rat model of disc hernia-
tion, epidural injections of COX-2 inhibitors resulted in sat-
isfactory pain relief [189]. Additionally, the inhibitor of IkB
kinase-b (IKKb), which is involved in NF-kB activation, is
a novel candidate for treating inflammation in IVD. Intra-
discal injection of IKKb downregulated the expression of
TNF-α, IL-1β, and IL-6 in degenerative discs and neuropep-
tides in dorsal root ganglion neurons [190]. Despite promis-
ing results, injection of such molecules in IVDs may be
ineffective owing to their short half-life and the complicated
microenvironment of degenerative IVDs [30]. Furthermore,
the potential risk of IDD caused by puncturing should be
noted.

The injection of phytochemicals derived from medici-
nal plants has been researched in recent years because of
its cost-effectiveness and biological functions. According
to previous in vivo and in vitro studies, various phyto-
chemicals, including resveratrol [191], mangiferin [192],
epigallocatechin-3-gallate [177], chlorogenic acid [193],
celastrol [194], isofraxidin [195], higenamine [196], sesamin
[197, 198], honokiol [176], naringin [199, 200], baicalein
[201], berberine [53], wogonin [52], and luteoloside [202].
Most of these phytochemicals inhibit the IL-1β-induced or
TNF-α-induced inflammatory response and extracellular
matrix degradation in NP cells. Although satisfactory thera-
peutic effects of phytochemicals in IDD have been reported,
the metabolic processes, organ distribution, and toxicity of
different doses still need to be investigated.

5.2. Gene Therapies.With the ability of locally modifying the
expression of a certain gene and production of the corre-
sponding protein, gene therapy offers longer sustained
effects in IDD [203]. A study published in 1997 proposed

genetic modifications as a positional treatment for IDD
[204]. In this study, a retrovirus vector was developed to
transduce IL-1Ra into bovine chondrocyte cells. Injection
of cells overexpressing IL-1Ra significantly downregulated
MMP3 for 14 days in degenerative IVD tissue, reducing
IL-1-mediated matrix degradation and halting the deteriora-
tion of IDD. In a rabbit model, NP cells transfected with
TGF-β1 demonstrated increased proteoglycan production
[205]. Consistent with this finding, TGF-β1-transfected
senescent NP cells of humans also enhanced the synthesis
of proteoglycan and collagen [206, 207].

The safety of gene therapy may restrict its application in
clinical settings. For the treatment of chronic IDD, high dos-
age exposure and long-term usage may induce oncogenesis,
which is a critical concern [208]. Improvement in the reli-
ability of viral vector designs and expression control of
transgenes might allow the safe use of gene therapy.

5.3. MSC-Based Therapies. In recent years, many cell-based
treatments to regenerate IVDs have been developed [209,
210]. Among the candidates, MSCs have the best potential
for IVD regeneration, which is attributed to their autologous
transplantation ability [211]. MSCs boosted collagen type II
expression and slowed the apoptosis process of NP cells
[212]. Additionally, IVD tissue survived for 6 months in
rabbits with the concomitance of MSCs [213]. However,
the number of transplanted MSCs is important [214]. In
addition to their multidifferentiation capability, the immu-
nomodulatory role of MSCs has been revealed [215, 216].
MSCs participate in inflammation by releasing cytokines,
which directly interact with degenerative NP cells [217]. In
vitro studies showed that MSCs cocultured with rat NP cells
inhibited the expression of proinflammatory cytokines,
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autophagy
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Figure 6: The role of ROS/oxidative stress in the development of IDD.
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including IL-3, IL-6, IL-11, IL-15, and TNF-α [218]. In a clin-
ical trial, LBP was significantly alleviated by three months of
MSC injection, and the authors concluded that MSCs stimu-
lated the regeneration of IVD and had immunomodulatory
characteristics [219]. In another 2-year follow-up study, after
the injection of umbilical cord-derived MSCs into IVDs, LBP
and lumbar function were improved and maintained during
the duration of follow-up [220]. Although benefits and
promising outcomes of MSC-based therapies have been
observed, the mechanisms have still not been clearly eluci-
dated by animal experiments, and most of the clinical studies
were case reports with limited sample sizes.

5.4. Exosome-Based Therapies. Exosomes and exosomal
miRNAs have been the focus of IDD therapy in recent years.
The potential mechanisms reported in previous studies
could be categorized as angiogenesis of the ECM, senes-
cence, metabolic homeostasis, proliferation, apoptosis, and
oxidative stress [221]. Additionally, exosomes and exosomal
miRNAs also play an important role in the regulation of
inflammation in IVDs [222]. By downregulating LRG1,
BMSC-derived exosomal miR-129-5p attenuated the activa-
tion of the p38 MAPK pathway to inhibit macrophage polar-
ization from the M1 to M2 phenotype, which resulted in the
release of anti-inflammatory mediators and prevented apo-
ptosis of NP cells as well as degradation of ECM [223].
NLRP3, a member of the inflammasome, is a crucial compo-
nent of innate immunity and participates in several proin-
flammatory processes [224]. NLRP3 can be extremely
upregulated in the development of IDD [225]. By blocking
the NLRP3/caspase-1 pathway, MSC-derived exosomal
miR-410 reversed the expression of IL-1β and IL-18, reduc-
ing LPS-induced pyroptosis in NP cells [226]. Similarly,
human umbilical cord mesenchymal stem cell- (hucMSC-)
derived miR-26a-5p affected mRNA methyltransferase
(METTL14) and m6A methylation in NP cells, which down-
regulated the expression of NLRP3, leading to the inhibition
of pyroptosis and the release of proinflammatory cytokines
[227]. As a novel therapy, more studies focused on the role
of exosomes in IDD treatment are expected.

6. Conclusion

IDD is a prevalent musculoskeletal illness that produces
LBP and negatively impacts quality of life. Recent research
has revealed that various inflammatory mediators, such as
IL-1β, TNF-α, IL-6, IL-17, chemokines, and the NLRP3
inflammasome, play an essential role in IDD. Most
research has found that inflammatory mediators have a
role in the development of IDD primarily through the
control of the inflammatory response, IVD cell prolifera-
tion, senescence, apoptosis, pyroptosis, autophagy, ECM
degradation, and oxidative stress. Targeting these inflam-
matory mediators may lead to future optimum IDD treat-
ment. Clinical investigations have recently revealed that
inhibiting IL-1β and TNF-α is a promising future therapy
for IDD. More research into IDD-related inflammatory
mediators is needed to help us understand the molecular

pathophysiology of IDD and provide novel ideas for future
IDD therapy based on inflammatory mediators.
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Lumbar spinal stenosis (LSS), which can lead to irreversible neurologic damage and functional disability, is characterized by
hypertrophy and fibrosis in the ligamentum flavum (LF). However, the underlying mechanism is still unclear. In the current
study, the effect of Smurf1, a kind of E3 ubiquitin ligase, in promoting the fibrosis and oxidative stress of LF was investigated,
and its underlying mechanism was explored. The expression of oxidative stress and fibrosis-related markers was assessed in the
tissue of lumbar spinal stenosis (LSS) and lumbar disc herniation (LDH). Next, the expression of the top 10 E3 ubiquitin
ligases, obtained from Gene Expression Omnibus (GEO) dataset GSE113212, was assessed in LDH and LSS, and confirmed
that Smurf1 expression was markedly upregulated in the LSS group. Furthermore, Smurf1 overexpression promotes the fibrosis
and oxidative stress of LF cells. Subsequently, NRF2, an important transcription factor for oxidative stress and fibrosis, was
predicted to be a target of Smurf1. Mechanistically, Smurf1 directly interacts with Nrf2 and accelerates Nrf2 ubiquitination and
degradation. In conclusion, the current study suggests that Smurf1 facilitated the fibrosis and oxidative stress of LF and
induced the development of LSS by promoting Nrf2 ubiquitination and degradation.

1. Introduction

Lumbar spinal stenosis (LSS) is one of the most common
spinal disorders in aging patients and is closed related to
lower back pain, limb numbness, and intermittent claudica-
tion [1, 2]. Compression of the cauda equina and lumbar
nerve roots often results in sensory and motor dysfunction
of the lower limbs, which can lead to severe disability [3].
LSS development has been attributed to a number of factors,
including disc protrusion, facet joint degeneration, and hyper-
trophy of the ligamentum flavum (HLF) [4, 5]. In previous
studies, fibrosis was considered to be the main pathology of
HLF. Histologically, normal LF consists of approximately
20% collagen fibers and 80% elastic fibers [4, 6]. Conversely,
HLF tissues exhibit fibrosis changes with an increase in colla-
gen fibers and elastic fiber loss. Recently, several studies have
reported the fibrosis of HLF at the cellular and histological
levels. However, to date, the molecular mechanisms underly-
ing the fibrosis of HLF are still unclear.

Reactive oxygen species (ROS) generation leads to oxida-
tive stress when it surpasses the capacity of antioxidant
enzymes, and excessive ROS production has been linked to
a number of aging illnesses. [7, 8]. Strong inflammatory
reactions and fibrosis of vital organs, including the heart,
kidneys, lungs, and liver, can be induced by an excess of
ROS. A previous study clarified that catalase expression
was decreased in HLF tissue of LSS patients [9]. Another
study reported that oxidative stress mediates age-related
HLF by promoting fibrosis, inflammation, and apoptosis
via promoting MAPK-AKT pathway [10]. Together, these
studies confirmed that oxidative stress-mediated LF fibrosis
plays an important role in the development of LSS, however
the exact mechanism by which oxidative stress dysregulation
in HLF occurs is still unclear.

Previous research has reported that ubiquitination con-
tributes to the age-related diseases. Hunt et al. reported that
antagonistic control of myofiber size and muscle protein
quality is controlled by the ubiquitin ligase UBR4 during
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aging [11]. Kong et al. reported that the prostaglandin D2/
DP1 axis suppresses age-related Th1 activation and subse-
quent hypertensive response in male mice through an
increase in NEDD4L-mediated T-bet degradation by ubiqui-
tination [12]. Moreover, multiple lines of evidence indicate
an important function of ubiquitination in regulating oxida-
tive stress and fibrosis. Wang et al. reported that FBW7 reg-
ulates pulmonary epithelial stem cell senescence and fibrosis
by regulating telomere uncapping [13]. However, the regula-
tory mechanisms of ubiquitination in the development of
HLF are still unclear.

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is an
important regulator of many antioxidant enzymes [14].
Nrf2 regulates the balance of cell redox by facilitating the
activity of antioxidant defense components, including heme
oxygenase-1 (HO-1), superoxide dismutase (SOD), peroxi-
dase (GSH-Px), and glutathione [15], and dysregulation of
Nrf2 is associated with a variety of oxidative stress-related
diseases, including neurodegenerative diseases [16], cardio-
vascular disorders [17], pulmonary diseases [18], and cancer
[19]. In addition, Nrf2 activation prevents cell senescence,
whereas inhibiting the activation of Nrf2 markedly acceler-
ates cell senescence [20], suggesting that has an anti-aging
impact. Additionally, Nrf2 expression and activity decreased
with age. In the current study, the expression of Smurf1, an
E3 ubiquitin ligase was found to be obviously increased in
the LSS group, and Smurf1 overexpression accelerates oxida-
tive stress and fibrosis of LF cells. Moreover, Smurf1 facili-
tates ubiquitination-mediated degradation of Nrf2.

2. Materials and Methods

2.1. Patients and Sample Harvest. All experimental protocols
were approved by the Ethics Committee of the Naval Medi-
cal University (2016SL-034-01). Ligamentum flavum sam-
ples were collected from 27 patients (10 females and 17
males) who underwent posterior lumbar decompression sur-
gery with removal of LF tissue from June 2021 to December
2021 (Table 1). For the HLF group, 15 LF specimens were
harvested from LSS patients with LF hypertrophy, and for
the control group, 12 specimens were collected from individ-
uals with uncomplicated lumbar disc herniation and no LF
hypertrophy. The thickness of the LF was quantified at the
facet joint level on T2-weighted magnetic resonance imaging
(MRI) for all 27 patients using Picture Archiving and Com-
munication Systems (PACS) software. An expert spine sur-
geon assessed the value three times for each patient, and
the average value designated the LF thickness. According
to previous studies, hypertrophy of LF was defined as LF
thickness> 4mm [21, 22]. Extensive or partial laminectomy
with LF resection was performed in all patients during the
operation. The resected ligamentum flavum was rinsed in
4°C physiological saline and then sent for examination
immediately.

2.2. Bioinformatic Analysis. The gene expression profile of
data GSE113212 was obtained from the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/
geo/), National Center for Biotechnology Information

(NCBI). This data set was based on the GPL17077 platform
and contained a total of 8 samples, including 4 hypertrophic
ligamentum flavum samples from the elderly individuals and
4 non-hypertrophic samples from the young individuals.
The top 10 differentially expressed E3 ubiquitin ligase were
obtained from this dataset to investigate the regulation of
ubiquitination in the development of HLF. UbiBrowser
(http://ubibrowser.ncpsb.org.cn/ubibrowser/), a target pre-
diction tool was applied to predict the target of selected
ubiquitin ligase.

2.3. Quantitative Real-Time PCR (qPCR). About three cubic
metres of ligamentum flavum tissue were homogenized in
800μL of Trizol. Total RNA was isolated by Trizol reagent
(Invitrogen, USA) according to the manufacturer’s instruc-
tions, and further reverse transcribed by using the iScript
cDNA Synthesis kit (bio-rad). Real-time PCR and analysis
were performed as previously described [23]. The fold
changes of target genes were analyzed by the 2-ΔΔCt
method and 18 s was used as an internal control.

2.4. Western Blotting Analysis. Western blotting was carried
out as previous [23]. In brief, the total protein of tissue
from LSS and LDH patients was extracted by using a com-
mercial kit (BC3701, Solarbio, China), The following primary
antibodies were used: anti-Collagen III (1 : 500, Abcam,
ab6301); anti-Collagen I (1 : 1000, Abcam, ab138492); anti-a-
SMA (0.5μg/ml, Abcam, ab7817); anti-Smurf1 (1 : 1000,
Abcam, ab57573); anti-Nrf2 (1 : 1000, Abcam, ab62352);
anti-ubiquitin (1 : 1000, Abcam, ab140601); anti-GAPDH
(1 : 5000, Abcam, ab9485).

2.5. Immunohistochemistry (IHC). For IHC, LSS tissue that
had been formalin-fixed and paraffin-embedded was
divided into 5m serial slices. IHC was performed as previ-
ously. Primary antibodies: anti-Collagen I (1 : 1500, Abcam,
ab138492); anti-Collagen III (1 : 200, Abcam, ab6301); anti-
a-SMA (0.05μg/ml, Abcam, ab7817); anti-Smurf1 (1 : 1000,
Abcam, ab57573).

2.6. Human LF Cell Isolation. Ligamentum flavum cells were
isolated as described previously [21, 24]. In brief, LF tissue
was washed by PBS 3 times, cut into small pieces measuring
around 0.5mm3 and digested for one hour with 0.2% type I
collagenase (Gibco), The digested fragments were then
rinsed in DMEM (Gibco), supplemented with 10% FBS
(Glpbio, USA), and 100U/ml penicillin. Cells after the third
passage were used for experiments.

Table 1: Patient demographics.

LDH HLF p value

Number of cases 12 15

Sex (female/male) 3/9 7/8 0.247

Age (years) 35:00 ± 10:18 69:27 ± 4:65 < 0.001

LF thickness (mm) 2:62 ± 0:56 5:37 ± 0:73 < 0.001

LDH: lumbar disc herniation; HLF: hypertrophy of the ligamentum flavum.
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Figure 1: Continued.
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2.7. Reactive Oxygen Species (ROS) Assay. The level of ROS
in LF tissue was assessed by a Tissue Reactive Oxygen Species
(ROS) Detection Kit (Bestbio China) according to the instruc-
tions. The level of ROS in LF cells was assessed by a C11-
BODIPY probe assay kit (Invitrogen) according to the instruc-
tions. 1×104 LF cells were seeded in 96-well plates and cul-
tured for 30 minutes with 2μM C11-BODIPY probe, and
the amount of ROS was measured using a flow cytometer.

2.8. MDA and GSH Content. The MDA and GSH content
in tissue homogenates and cell lysis were analyzed by a
lipid peroxidation kit (Sigma, MAK085) and Glutathione
Assay Kit (Sigma, CS0260) in accordance with the stan-
dard protocol.

2.9. Transfection. To overexpress Smurf1, lentivirus produc-
tion of Smurf1 was purchased from GeneChem (Shanghai,

LDH HLF

Col-I

Col-III

A-SMA

(d)

Figure 1: Fibrosis was upregulated in LF tissues from HLF patients. (a) Magnetic resonance imaging (MRI) shows axial views of the lumbar
spinal canal in the LDH and HLF patients. (b) Collagen I, Collagen III, and α-SMAmRNA levels in the LDH and HLF patients were assessed
by qRT-PCR (n = 27). ∗∗∗p < 0:001. (c, d) Collagen I, Collagen III, and α-SMA protein expression in the LDH and HLF patients was assessed
by western-blot and IHC (n = 10). ∗∗p < 0:01, ∗∗∗p < 0:001.
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China) and infected LF cells according to the instructions.
After 24 hours of transfection, cells were grown for addi-
tional 24 hours after transfection and then extracted for
the following experiment.

2.10. Co-Immunoprecipitation (co-IP). After being lysed in
NP-40 lysis solution, LF cells lysate were added to the immu-
noprecipitation complex and rotated overnight at 4°C after
being coated with anti-Smurf1 or anti-Nrf2 antibodies for
4 hours. The following day, PBS was used to rinse the Pro-
tein A/G beads three times. The immunoprecipitates com-
plex was then examined using anti-Smurf1 or anti-NRF2
antibodies in western blotting.

2.11. Statistical Analysis. Data from every experiment are
presented as mean ± SD. The statistical analyses were per-
formed by SPSS 20.0. The student’s t-test was used to assess
the significance between two groups, and more than two
groups was determined by one-way ANOVA followed by
Tukey-Kramer multiple comparisons test was applied to
determine the data for more than two groups. A statistically
significant difference was defined as p < 0:05.

3. Results

3.1. Fibrosis and Oxidative Stress Were Upregulated in LF
Tissues from HLF Patients. To clarify that the HLF is the
major cause of LSS, the thickness of ligamentum flavum
was assessed via MRI. Figure 1(a) showed that the thickness
of LF was markedly increased in HLF patients. Meanwhile,

previous studies have confirmed that the importance of LF
fibrosis in the pathological progression of LSS. Thus, the
expression of Collagen I, Collagen III, and α-SMA was
assessed by qRT-PCR and western blotting in the LF tissues
of HLF and LDH. We found that the expression of Collagen
I, Collagen III, and α-SMA was markedly increased in the
HLF group (Figures 1(b) and 1(c)). Moreover, the result
was further confirmed by IHC staining (Figure 1(d)).
Given that oxidative stress regulates age-related HLF by
promoting fibrosis, oxidative stress markers expression in
the HLF group were determined by ELISA. Figures 2(a)
and 2(b) showed that the MDA content and ROS level
were significantly increased in the HLF group, whereas the
GSH content and SOD activity were markedly decreased in
the HLF group. These data demonstrated that oxidative
stress and ligamentum flavum fibrosis were significantly
increased in HLF.

3.2. Smurf1 Was Upregulated in LF Tissues from HLF
Patients. To investigate the regulation of ubiquitination in
the development of LSS, the top 10 (RNF67, HERC6,
RNF218, SMURF1, NEDL2, WWP1, HERC4, SMURF2,
RNF218, and RNF58) differentially expressed E3 ubiquitin
ligase were obtained from GSE113212, and the expression
of these 10 genes was assessed in HLF and LDH patients
using qRT-PCR. Figures 3(a) and 3(b) showed that the
mRNA level of RNF218 and Smurf1 was markedly increased
in HLF patients. Given that the Smurf1 mRNA expression
was most upregulated in the HLF group, the Smurf1 protein
expression was further confirmed by western blotting and
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Figure 2: Oxidative stress was upregulated in LF tissues from HLF patients. (a) The ROS levels and malondialdehyde (MDA) were higher in
the HLF group compared with the LDH group. (n = 27). ∗∗p < 0:01. (b) The glutathione (GSH) content, and superoxide dismutase (SOD)
activity were decreased in the HLF group compared with the LDH group (n = 27). ∗∗p < 0:01, ∗∗∗p < 0:001.

5Mediators of Inflammation



HERC6
RNF218

SMURF1
NEDL2
WWP1
HERC4

SMURF2
RNF218

RNF67

RNF58

LDH HLF
High 

Low 

(a)

Re
lat

iv
e s

m
ur

f1
 m

RN
A

 ex
pr

es
sio

n
Re

lat
iv

e H
ER

C6
 m

RN
A

 ex
pr

es
sio

n

Re
lat

iv
e H

ER
C4

 m
RN

A
 ex

pr
es

sio
n

Re
lat

iv
e R

N
F2

18
 m

RN
A

 ex
pr

es
sio

n

⁎

⁎⁎⁎

LDH HLF LDH HLF

2.0

1.5

1.0

0.5

0.0

2.0

2.5

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

LDH HLF LDH HLF

(b)

Re
lat

iv
e s

m
ur

f1
 ex

pr
es

sio
n 

vs
 ac

tin ⁎⁎⁎

2.0

2.5

1.5

1.0

0.5

0.0

LDH

LDH

HLF

HLF

Smurf1

Actin

(c)

LDH

Smurf1

HLF

(d)

Figure 3: Smurf1 was upregulated in LF tissues from HLF patients. (a, b) The mRNA expression of the top ten E3 ligases was assessed
by qRT-PCR array in the HLF and LDH group (n = 27). ∗p < 0:05. ∗∗∗p < 0:001. (c) Western blotting and semiquantification for Smurf1
expression in the HLF and LDH groups (n = 10). ∗∗∗p < 0:001. (d) Immunohistochemistry for Smurf1 expression in the HLF and LDH
groups.
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Figure 4: Continued.
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IHC. Similar to the qRT-PCR results, western blotting and
IHC data showed that the expressions of Smurf1 were signif-
icantly increased in HLF patients compared with LDH
patients (Figures 3(c) and 3(d)), suggesting that Smurf1
may contribute to the development of HLF.

3.3. Smurf1 Facilitated the Fibrosis and Oxidative Stress of LF
Cells. To investigate whether Smurf1 is critical for the fibro-
sis and oxidative stress of HLF, Smurf1 was forcefully

expressed by pcDNA-Smurf1, and the efficiency was deter-
mined by qRT-PCR and western blotting (Figures 4(a) and
4(b)). We next verify the function of Smurf1 on fibrosis
and oxidative stress of LF cells. As expected, Collagen I, Col-
lagen III, and α-SMA expression was significantly increased
by Smurf1 (Figures 4(c) and 4(d)), suggesting that Smurf1
promoted the fibrosis of LF cells. Similarly, the oxidative
stress of LF cells was upregulated by Smurf1 as evidenced
by the upregulation of MDA content and ROS level
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Figure 4: Smurf1 facilitated the fibrosis and oxidative stress of LF cells. (a, b) the transfection efficiency of Smurf1 was analyzed by qRT-
PCR and western-blot. ∗∗∗p < 0:001. (c, d) Western blotting and semiquantification for Collagen I, Collagen III, and α-SMA mRNA
levels in the LF cells with or without Smuf1-OE). ∗∗p < 0:01. ∗∗∗p < 0:001. (e) The ROS levels and MDA content was assessed in the LF
cells with or without Smuf1-OE. ∗p < 0:05. ∗∗p < 0:01. (f) the Glutathione (GSH) content, and Superoxide dismutase (SOD) activity was
assessed in the LF cells with or without Smuf1-OE. ∗p < 0:05. ∗∗p < 0:01.
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Figure 5: Nrf2 is the target of Smurf1. (a) Nrf2 mRNA level in the LDH and HLF patients was assessed by qRT-PCR (n = 27). (b) Western
blotting and semiquantification for Nrf2 level in the LDH and HLF patients (n = 10). ∗∗p < 0:01. (c) qRT-PCR was used to determine the
level of Nrf2 mRNA in LF cells with or without Smuf1-OE. (d) Western blotting and semiquantification for Collagen I, Collagen III, and
α-SMA mRNA level in the LF cells with or without Smuf1-OE. ∗∗∗p < 0:001.
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(Figure 4(e)) and the downregulation of GSH content and
SOD (Figure 4(f)). In conclusion, these data indicated that
Smurf1 facilitated the fibrosis and oxidative stress of LF cells.

3.4. Smurf1 Facilitated the Fibrosis and Oxidative Stress of LF
Cells by Promoting the Ubiquitination and Degradation of
Nrf2. Previous studies found that Smurf1 promotes oxidative
stress and fibrosis in the kidney by regulating the polyubiq-
uitination of Nrf2 [25]. Given that Nrf2 is an important
transcriptional inhibitor of oxidative stress and fibrosis, we
speculated that Smurf1 might facilitate the fibrosis and
oxidative stress of LF cells by regulating Nrf2. To this
end, UbiBrowser was applied to predict the target of Smurf1
and Nrf2 (gene name: NFE2L2) was found to be a potential
target of Smurf1 (Supplementary Figure 1). Next, the
expression of Nrf2 was analyzed in LF tissues of HLF and
LDH by qRT-PCR and western blotting. As shown in
Figures 5(a) and 5(b), there was no significant difference in
the mRNA level of Nrf2 between the LDH group and the
HLF group, whereas the protein level of Nrf2 was
significantly increased in the HLF group compared with the
LDH group. Similarly, Smurf1 overexpression had no effect
on NRF2 mRNA but decreased NRF2 protein expression
(Figures 5(c) and 5(d)), suggesting that Nrf2 expression was
regulated by Smurf1-mediated degradation.

A reciprocal co-immunoprecipitation assay was per-
formed to further confirm Nrf2 status as the substrate of
Smurf1. As shown in Figure 6(a), positive Nrf2 signal was
detected in the protein complex pulled down by the anti-

Smurf1 antibody. Similarly, a positive Smurf1 signal was also
detected in the protein-complex pulled down by the anti-
Nrf2 antibody, suggesting that Nrf2 is the direct target of
Smurf1. Furthermore, the protein stability of Nrf2 was veri-
fied by the cycloheximide assay (CHX) in LF cells with or
without Smurf1 overexpression. Figure 6(b) showed that
Nrf2 protein stability was markedly decreased in the Smurf1
overexpression cell. Next, the ubiquitination of Nrf2 was
analyzed by CO-IP with an anti-Nrf2 antibody and subse-
quent immunoblotting with an anti-ubiquitin antibody.
Figure 6(c) showed that Smurf1-OE significantly increased
the ubiquitination of Nrf2 in LF cells. Taken together, our
data suggest that Smurf1 directly interacts with Nrf2 and
accelerates its ubiquitination and degradation.

4. Discussion

Lumbar spinal stenosis (LSS) is one of the most common
spinal disorders in aging patients, and is characterized by
HLF. Previous studies showed that oxidative stress and
fibrosis contribute to the progression of HLF [4]. However,
the underlying mechanism is unclear. In the current study,
we demonstrated that Smurf1 facilitates oxidative stress
and fibrosis of ligamentum flavum by promoting Nrf2 ubiq-
uitination and degradation, as evidenced by: (1) fibrosis and
oxidative stress were upregulated in LF tissues from HLF
patients; (2) Smurf1 was upregulated in LF tissues from
HLF patients; (3) Smurf1 facilitated the fibrosis and oxida-
tive stress of LF cells; (4) Smurf1 facilitated the fibrosis and
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Figure 6: Smurf1 promotes the ubiquitination and degradation of Nrf2. (a) Smurf1 directly interacts with Nrf2 was assessed by CO-IP. (b, c)
Western blot analysis of Nrf2 protein stability in Smurf1-OE LF cells treated with 25 ug/ml CHX for various times. ∗∗p < 0:01. (d) Cell
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oxidative stress of LF cells by facilitating the ubiquitination
and degradation of Nrf2. Fibrosis have been identified as a
key process during the development of HLF [4]. As is
known, oxidative stress is an important factor in aging-
related diseases and usually contributes to the pathogenesis
of many diseases by regulating tissue fibrosis [10]. Moham-
med et al. reported that necroptosis-mediated inflammation
contributes to the fibrosis of the liver and accelerated aging
in a mouse model of increased oxidative stress [26]. Hecker
et al. demonstrated that loss of cellular redox homeostasis
accelerates profibrotic myofibroblast phenotypes that lead
to persistent fibrosis associated with aging [27]. Wang
et al. demonstrated that in response to oxidative stress,
FBW7 regulates cell senescence and tissue fibrosis through
telomere uncapping [13]. Similarly, Chuang et al. found that
oxidative stress mediates age-related HLF by promoting
fibrosis via activating MAPK and AKT pathways [10]. Con-
sistent with previous studies, we also found that oxidative
stress and fibrosis was markedly increased in HLF patients
compared with LDH control. However, the regulatory
mechanism of oxidative stress and fibrosis dysregulation in
HLF is still unclear.

Previous studies suggest that protein ubiquitination is an
important regulatory posttranslational modification control-
ling oxidative stress and fibrosis [28]. In the current study,
we provide mechanistic insight that Smurf1 is involved in
the development of HLF by regulating oxidative stress and
fibrosis through Nrf2 ubiquitination. First, our data showed
that Smurf1 was upregulated in HLF patients, and overex-
pression of Smurf1 promoted the oxidative stress and fibro-
sis of ligamentum flavum cells. Consistent with our findings,
other studies have also clarified that Smurf1 promotes the
development of multiple fibrosis-related diseases. Qi et al.
reported that miR-129-5p targeted Smurf1 and repressed
the ubiquitination of PTEN, thus improving the fibrosis
and oxidative stress of cardiac in CHF rats [29]. Chen
et al. demonstrated that connexin32 ameliorated kindey
fibrosis in diabetic mice by accelerating polyubiquitination
and degradation of Nox4 by inhibiting Smurf1 expression
[30]. Second, our data showed that Nrf2 is the target of
Smurf1, and Smurf1 promoting Nrf2 ubiquitination and
degradation. Growing studies indicate that Nrf2 is an impor-
tant negative regulator of oxidative stress and fibrosis. Mohs
et al. demonstrated that the activation of Nrf2 in patients
with NASH correlates with the grade of inflammation, and
in vivo data suggested that NRF2 activation in chronic liver
disease is protective by alleviating fibrogenesis and progres-
sion of HCC [31]. Marrone et al. reported that KLF2 upreg-
ulation profoundly alleviated fibrosis and oxidative stress of
HSC partly via the activation of Nrf2 [32]. In addition, ubiq-
uitination and proteasome-mediated degradation of Nrf2
have been documented. Liu et al. reported that BDH2 accel-
erated the ubiquitination and degradation of Nrf2 and
increased the accumulation of ROS [33]. Chen et al. reported
that IKK facilitates the ubiquitination of Nrf2 and further
promotes oxidative stress-mediated injury of the kidney in
obesity-related nephropathy [34]. Here, we reveal that
Smurf1 promotes the ubiquitination and degradation of
Nrf2, thus, promoting oxidative stress and fibrosis of LF.

5. Conclusions

In the current study, we clarify the regulatory mechanism of
LF fibrosis and oxidative stress and uncovers a specific E3
ubiquitin ligase, Smurf1, in the development of HLF.
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Accumulating studies have implicated that circular RNAs (circRNAs) play vital roles in the pathogenesis of rheumatoid arthritis (RA).
Dysregulation of macrophage polarization leads to immune homeostatic imbalance in RA. However, the altering effects and
mechanisms of circRNAs on macrophages polarization and immune homeostatic balance remain largely unclear. We aimed to
investigate the potential role of circRNA_17725 in RA. The high-throughput sequence was performed to identify the dysregulated
circRNAs in RA. We confirmed the data by CCK-8, EdU, and Annexin V/PI staining to elucidate the proliferation and apoptosis. The
expressions of M1/M2-associated markers were confirmed using real-time PCR and flow cytometry analysis. Luciferase reporter assay
and RNA Binding Protein Immunoprecipitation (RIP) were used to demonstrate the underlying mechanism of circRNA_17725. The
altering effect of circRNA_17725 on macrophages in vivo was evaluated using collagen-induced arthritis (CIA) mouse model.
circRNA_17725 was demonstrated to be downregulated in peripheral blood mononuclear cells and CD14+ monocytes from RA cases
in contrast to healthy controls. The negative association between circRNA_17725 and the disease activity indexes (CRP, ESR, and
DAS28) was observed, suggesting a vital role of circRNA_17725 in RA disease activity. Besides, after a coexpression analysis based on
high-input sequencing and the bioinformatics analysis in MiRanda and TargetScan databases, a circRNA_17725-miR-4668-5p-
FAM46C competing endogenous RNA (ceRNA) network was hypothesized. A series of cytology experiments in vitro have implicated
that circRNA_17725 could inhibit the proliferation but enhance the apoptosis of macrophages. Decreased expression of TNF-α, IL-1β,
and MMP-9 were observed in the supernatant of circRNA_17725-overexpressed Raw264.7 macrophages, implicating the inhibitory
effect of circRNA_17725 on macrophage inflammatory mediators. Furthermore, circRNA_17725 could promote macrophage
polarization towards M2 by targeting miR-4668-5p/FAM46C as a miRNA sponge. Additionally, circRNA_17725-overexpressed
macrophages alleviated arthritis and protected against joint injuries and bone destruction by inducing macrophage polarization
towards M2 in collagen-induced arthritis (CIA) mice. This study has suggested that circRNA_17725 regulated macrophage
proliferation, apoptosis, inflammation, and polarization by sponging miR-4668-5p and upregulating FAM46C in RA.

1. Introduction

Rheumatoid arthritis (RA) is a common and chronic autoim-
mune disease. It can cause synovial hyperplasia, inflammation,

cartilage injury, bone damage, and even disability [1]. The
pathogenesis of RA is complex with dysregulated mononuclear
macrophages, T cells, and B cells. It has been well-documented
imbalance of M1/M2 macrophage, Th17/Treg, and other
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immune cells leads to immune homeostatic imbalance. M1
macrophage is associated with enhanced inflammation and
immune activation in specific tissues and organs in RA. It has
been demonstrated that genetics, sex hormones, and infectious
factors are closely related to RA [2]. Chronic inflammation
affects the onset and progression of RA. In spite of great
advance in RA diagnosis and treatment, illustrating the
molecular mechanism underlying RA pathogenesis is essential
for identifying more valuable therapeutic targets for RA.
Exploring more effective immunotherapy based on immune
cells and potential biological targets has always been the
research focus in RA.

During the past few years, the role of noncoding RNAs
(ncRNAs) in autoimmune diseases has been drawing more
and more attention, primarily including circular RNA (cir-
cRNA), long chain noncoding RNAs (lncRNA), and micro-
RNAs (miRNA) [3]. These ncRNAs play critical roles in
maintaining the stability and normal expression of genes.
Furthermore, ncRNAs regulate inflammation and autoimmu-
nity through protein-RNA or RNA-RNA interactions. As a
key type of ncRNA, circRNAs have been suggested to contrib-
ute to RA by a number of studies [4, 5]. Some studies have
implicated that some circRNAs are specifically expressed in
RA, such as circ_0008360, circ_0140271, and circ_0003972
[6–8], which are primarily involved in regulating inflammation
and autoimmune disorders. circRNA is a new competitive
endogenous RNA (ceRNA) with high stability. They are critical
regulators in the immune system, and are specifically expressed
in specific organs, tissues, or cells. Accumulating evidence has
highlighted the crucial potentials of circRNAs as diagnostic
and therapeutic markers in multiple autoimmune diseases,
including systemic lupus erythematosus (SLE), multiple sclero-
sis (MS), and RA [9–11]. Nevertheless, little is known of the
effects and mechanism of circRNAs in regulating immune cell
polarization and immune homeostatic imbalance. As described
previously [12], we have demonstrated several circRNAs are
aberrantly expressed in RA, including circRNA_09505 and
circRNA_17725. circRNA_09505 has been suggested to
enhance inflammation injuries and bone damages in collagen-
induced arthritis (CIA)mice by spongingmiR-6089 as a ceRNA
through the AKT1/NF-κB signaling pathway [12]. circRNA_
17725 was significantly downregulated in RA with unclear
regulatory effects and molecular mechanisms. Here, we focus
on the altering effects of circRNA_17725 in RA pathogenesis
and progression, particularly highlighting its potential use in
RA as a key biomarker.

2. Materials and Methods

2.1. Sample Preparation and Cell Culture. The study regarding
human subjects had been approved by the Institutional Ethics
Committee of the First Affiliated Hospital, Weifang Medical
University (2021YX076). Peripheral blood mononuclear cells
(PBMCs) were isolated by use of Ficoll-Paque gradient centri-
fugation from 35 RA cases and 28 healthy controls adjusted by
age and sex. They had all agreed with the written informed
consent. Raw264.7 cells were incubated in DMEM adding with
10% fetal bovine serum (Sigma-Aldrich, USA) under 37°C and
5% CO2. Cells were transfected by miRNAmimics and mimics

controls (Ruibo Biosciences, Guangzhou, China). Lentivirus
plasmids overexpressing circRNA_17725 and plasmids of
FAM46C-WT (wild-type) and FAM46C-MT (mutant) were
constructed by OBiO Technology Corp., Ltd. (Shanghai,
China). Raw264.7 macrophages were transfected by these plas-
mids and used for experiments. The luciferase activity in mac-
rophages was estimated by the luminescence kit (Toyo Ink,
Japan) according to the protocol as reported previously [12].

2.2. High-Throughput Sequencing Analysis. As described
previously, we performed the high-throughput sequence to
identify the dysregulated circRNAs in RA based on the plat-
form of Oebiotech Company (Shanghai, China) [12]. The
correlation coefficient was analyzed according to the com-
plementary base pairs of circRNA_17725/mRNAs with
shared miRNAs and the coexpression of circRNA_17725/
mRNAs/miRNAs in RA PBMCs. circRNA was determined
to have a positive coexpression correlation with mRNA,
when the P value was less than 0.05 and the absolute value
of Pearson’s correlation coefficient was more than 0.7. Pairs
of circRNAs-miRNAs-mRNAs were screened according to
the principles of sharing miRNAs ≥ 3, Pearson’s correlation
index ≥ 0:7, and P < 0:05.

2.3. Cell Proliferation and Apoptosis. Briefly, Raw264.7 mac-
rophages (2 × 105/well) were seeded into cell plate in fetal
bovine serum-free DMEM overnight. Subsequently, the pro-
liferation of macrophages at 24, 48, and 72 hours was esti-
mated using CCK-8 kit (Vazyme Biotech, Nanjing, China).
Besides, we used the 5-ethynyl-2′-deoxyuridine (EdU) kit
to evaluate the proliferation of cells at 48 h according to
the protocol of the reagent kit (RiboBio, Guangzhou, China).
In addition, cells were pretreated with H2O2 (100mmol/L)
for 4 hours. Flow cytometry was carried out to estimate the
impact of circRNA_17725 on the apoptosis of macrophage.

2.4. Real-Time Polymerase Chain Reaction (PCR). PBMCs
from another 40 RA cases and 30 controls enrolled in hospital
for health examination were purified by CD14+ magnetic bead
sorting (Miltenyi Biotec, San Diego, USA) after isolating by
the Ficoll-Paque gradient centrifugation. The expression of
circRNA_17725 in CD14+ monocytes was also determined
by real-time PCR. The association between circRNA_17725
and IL-10 and FAM46C and TNF-α was estimated. We
applied TRIzol (Invitrogen, CA, USA) to isolate total RNAs,
which were used for the synthesis of cDNA as template
(0.5μg) by use of RT kit (Vazyme, Nanjing China). cDNAs
(5ng) were used as templates for PCR using SYBRGreenMas-
termix kit (Vazyme, Nanjing China). The Novabio SYBR
qPCRMix kit (Novabio, Shanghai, China) was used to amplify
circRNA. TaqMan miRNA PCR kit (ThermoFisher Scientific,
USA) was applied for miRNA determination. Primers were as
follows: circRNA_17725-f, AGGGAGAAAGCTTGATATG
AGTTTG3, circRNA_17725-r, AGAAGTAATAAAGCCA
GCAGGTACG3; human CD206-f, GGGTTGCTATCACT
CTCTATGC, human CD206-r, TTTCTTGTCTGTTGCC
GTAGTT; human IL-10-f, GACTTTAAGGGTTACCTGG
GTTG, human IL-10-r, TCACATGCGCCTTGATGTCTG;
human TNF-α-f, CCTCTCTCTAATCAGCCCTCTG, human
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TNF-α-r, GAGGACCTGGGAGTAGATGAG; human
GAPDH-f, GGAGCGAGATCCCTCCAAAAT, human
GAPDH-r, GGCTGTTGTCATACTTCTCATGG; human
FAM46C-f, GGCCACGTTTTGGTCAAAGAC, human
FAM46C-r, GGGAACACAGAACCACATCTC; mouse
FAM46C-f, AACTGGGATCAGGTTAGCCG, mouse
FAM46C-r, CAACCCAAGCCGTTGTCTT; mouse CD11c-
f, CTGGATAGCCTTTCTTCTGCTG, mouse CD11c-r,
GCACACTGTGTCCGAACTCA; mouse CD163-f,GGTG
GACACAGAATGGTTCTTC, mouse CD163-r, CCAGGA
GCGTTAGTGACAGC; and mouse GAPDH-f, AGGTCG
GTGTGAACGGATTTG, mouse GAPDH-r, TGTAGACCA
TGTAGTTGAGGTCA.

2.5. Flow Cytometry Analysis. Flow cytometry was carried
out to determine the genotypes in Raw264.7 cells and mice
spleen cells. 2 × 105 cells were resuspended in 100μL PBS
incubating with 5μL/anti-mouse CD14, HLA-DR, CD68,
CD206, CD11c, and CD163 fluorescent-labeled antibodies
(BioLegend, USA) for 30min at room temperature. After
washing twice using 300μL PBS, cells were determined by
flow cytometry. For apoptotic analysis, cells were stimulated
by H2O2 (100μmol/L) for 4 h and harvested by centrifuga-
tion. Then, cells were resuspended in 1×Binding Buffer plus
apoptosis detection reagents (5μL/tube) according to the
protocol of Annexin V/PI Apoptosis Assay kit (Multi-
sciences Biotech., Hangzhou, China). After incubation for
15min at room temperature, the apoptosis status of cells
was estimated by flow cytometry.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). 2 × 105
/well Raw264.7 macrophage was seeded into 96-cell plate
in serum-free DMEM at 37°C, 5% CO2. Cells were stimu-
lated by LPS (1μg/mL) for 48 h. Cytokines in the cultural
supernatant were detected by use of mouse TNF-α, IL-10,
IL-1β (R&D Systems, USA), and MMP-9 (abcam, USA)
ELISA kits according to the protocols, as decried previously
[12]. In addition, TNF-α and IL-1β in the plasm samples
from mice were also determined.

2.7. RNA Fluorescence In Situ Hybridization (FISH). 5 × 105
/well Raw264.7 cells were seeded into plastic dish (35mm,
Thermo Scientific Nunc, USA) overnight adding with DMEM
without fetal bovine serum. Subsequently, Raw264.7 cells were
fixed with paraformaldehyde (4%) and dehydrated using etha-
nol. We carried out FISH to estimate the location of circRNA_
17725 in Raw264.7 cells, which were labeled by fluorescent
probe for circRNA_17725 during the process of hybridization.

2.8. Luciferase Reporter Assay. 5 × 105/well 293T cells seeded
into cell culture plate, which were incubated until the cell
confluence up to 70-80%. Then, cells were transfected by
miRNA mimics, or mimics controls, or luciferase reporter
plasmids of FAM46C-WT and FAM46C-MT by use of the
lipofectamine 2000. At last, 293T cells were lysed. We
applied the Picagene Dual SeaPansy luminescence kit (Toyo
Ink, Japan) to detect the luciferase activity in cells according
to the protocol.

2.9. RNA Binding Protein Immunoprecipitation (RIP). RIP
was performed to estimate the association between cir-
cRNA_17725 and miR-4668-5p. Briefly, 5~10 × 106 macro-
phages were lysed. Lysates were collected by centrifugation,
followed by probe incubation based on the instructions of
RIP Kit (Millipore, Bedford, USA). Ago2 and IgG were used
for immunoprecipitation with cell lysates. Real-time PCR
was conducted to determine the expression of circRNA_
17725 and miR-4668-5p.

2.10. Collagen-Induced Arthritis (CIA) Mouse Model
Construction and Estimation. Animal experiments were con-
ducted according to the guidelines of Institutional Animal
Care and Use Committee of Weifang Medical University
(2021SDL311). We used bovine type II collagen (4mg/mL,
Chondrex, Washington, USA) and the Freund’s complete
adjuvant (Sigma-Aldrich, USA) to construct CIA mice
model by tail vein injection at the ratio of 1 : 1. There were
6 mice in each group. Mice were intravenously injected with
Raw264.7 cells (106 cells in 200μL PBS) on day 5 and day 15.
Booster immunity was conducted by use of 100μL emulsion
solution on day 21. After estimating for 60 days from the
first immunization, all mice were executed for determina-
tion. We carried out Hematoxylin-Eosin (H&E) and Safra-
nin O/Solid green staining to estimate the status of mouse
joints and tissues.

2.11. Statistical Analysis. All data was analyzed by SPSS
(v20.0) software and GraphPad Prism (v8.0) software. The
data were analyzed by parametric or nonparametric tests
according the homoscedasticity estimation and the adher-
ence to the normal curve. The parametric tests were per-
formed using one-way ANOVA or independent sample
Student’s T test. The nonparametric tests were conducted
using Mann–Whitney U test or Kruskal-Wallis H test
according to subgroups. Pearson’s correlation analysis esti-
mated the correlation between circRNA_17725 expression
and clinical indexes of CRP, ESR, and DAS28. P < 0:05 was
statistically significant.

3. Results

3.1. Expression of circRNA_17725 in the Peripheral Blood
Mononuclear Cells and Its Association with Clinical Indexes.
In a previous study, we found that circRNA_17725 was signif-
icantly reduced in RA as implicated by gene sequencing anal-
ysis and real-time PCR [12]. In this study, circRNA_17725
was further demonstrated to be significantly decreased in RA
patients’ PBMCs (Figure 1(a)). Besides, the expression of cir-
cRNA_17725 was negatively associated with the disease activ-
ity indexes including CRP, ESR and DAS28 (Figures 1(b)–
1(d)). Taken together, circRNA_17725 may play a critical role
in the pathogenesis or disease progression of RA.

3.2. Potential Target Prediction of circRNA_17725 in
Macrophage. The bioinformatics analysis was conducted to
evaluate the potential targets of circRNA_17725. Based on
the expression value analysis of high-throughput sequenc-
ing, a positive coexpression relationship between circRNA_
17725 and FAM46C was observed (Figure 2(a)), which was
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a macrophage polarization-associated molecule. However,
whether circRNA_17725 directly binds to FAM46C needs
further demonstration. Competing endogenous RNA
(ceRNA) is the main mechanism for circRNA to exert bio-
logical effects. We subsequently found that circRNA_17725
and miR-4668-5p possessed 16 complementary base pairs
with miR-4668-5p after scanning in MiRanda and TargetS-
can databases (Figure 2(b)). Moreover, miR-4668-5p was
predicted to recognize the 3′ untranslated region (UTR) of
FAM46C scanned in TargetScan database (Figure 2(b)).
Accordingly, we hypothesize that circRNA_17725 may serve
as a ceRNA molecule competitively antagonizing miR-4668-
5p and targeting macrophage polarization-related molecule,
namely, FAM46C (Figure 2(c)). Whether the circRNA_
17725/miR-4668-5p/FAM46C contributes to macrophage
polarization and immune balance in RA warrants to be
explored in subsequent experiments.

3.3. Positive Association between circRNA_17725 and FAM46C.
FAM46C is aM2macrophage polarization-related molecule. In
this study, mRNAs of circRNA_17725 and FAM46C were both

significantly reduced in CD14+ monocytes of RA patients com-
pared with those in controls (Figures 3(a) and 3(b)). FAM46C
was positively associated with circRNA_17725 demonstrated
by Pearson’s correlation analysis (Figure 3(c)). Moreover, the
expression of circRNA_17725 was positively related to IL-10
and CD206, but negatively associated with TNF-α regarding
their expression at mRNA levels (Figures 3(d)–3(f)). As
mentioned before, IL-10, CD206, and FAM46C are typical
markers for M2 cells, while TNF-α is a M1 maker. M2
macrophage can inhibit inflammation and exert immunoregu-
latory effects in maintaining homeostasis. Accordingly, we
hypothesize that circRNA_17725 may contribute to M2 polari-
zation by targeting FAM46C.

3.4. circRNA_17725 Location and Its Regulatory Effects on
Macrophage Proliferation, Apoptosis, and Inflammation. Here,
we have performed a series of experiments to elucidate the role
and mechanism of circRNA_17725 on macrophage growth
and functions. circRNA_17725 was overexpressed in
Raw264.7 macrophages by use of lentivirus plasmids
(Figure 4(a)). The test of FISH has suggested circRNA_17725
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Figure 1: Expression of circRNA_17725 in the PBMCs and its association with the disease activity indexes of RA. (a) Expression of
circRNA_17725 in the PBMCs from RA patients (∗∗P < 0:01; RA/control: 35/28). (b) Pearson’s correlation analysis: relationship of
circRNA_17725 with CRP (n = 35). (c) Pearson’s correlation analysis: relationship of circRNA_17725 with ESR (n = 35). (d) Pearson’s
correlation analysis: relationship of circRNA_17725 with DAS28 (n = 35).
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Figure 2: Continued.
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was primarily located in macrophage cytoplasm (Figure 4(b)).
The apoptosis of Lv-circRNA_17725 plasmids-intervened
macrophage was obviously promoted compared with that of
Lv-control plasmid-treated cells, which was demonstrated by
flow cytometry (Figure 5(a)). However, results of EdU and
CCK-8 cell proliferation detections showed that circRNA_
17725 significantly inhibited the proliferation of Raw264.7
macrophage in a time-dependent manner (Figures 5(b) and
5(c)). Moreover, inflammatory cytokines of IL-1β, TNF-α,
and MMP-9 in the supernatant of Lv-circRNA_17725
plasmid-treated macrophage was significantly decreased,
although they were activated by LPS, a classic stimulator for
macrophage activation (Figure 5(d)). IL-10 was reversely
enhanced in the cultural supernatant of Lv-circRNA_17725
plasmids treated macrophage (Figure 5(d)). Taken together,
circRNA_17725 can regulate macrophage proliferation, apo-
ptosis, and inflammatory response in vitro, suggesting a pivotal
role of circRNA_17725 in macrophage-mediated inflamma-
tion in RA. Nonetheless, its altering effects on macrophage
functional phenotypes and the potential molecular mechanism
are needed to elucidate in the following experiments.

3.5. circRNA_17725 Promoted M2 Polarization via Targeting
miR-4668-5p/FAM46C. As shown in Figures 6(a) and 6(b),
IL-4 could induce M2 polarization of Raw264.7 cells. Overex-
pression of circRNA_17725 enhanced the percentages of
CD206+M2 and CD163+M2 cells, but significantly inhibited
HLA-DR+M1 and CD68+M1 cell percentages (Figures 6(a)

and 6(b)). Besides, the mRNA level of CD206 was elevated,
while CD11c mRNA expression was obviously decreased in
circRNA_17725-overexpressed macrophages (Figures 6(c)
and 6(d)). As a result, circRNA_17725 promoted M2 polariza-
tion in vitro. Nonetheless, the underlying molecular mecha-
nism of circRNA_17725 in regulating macrophage
polarization was still not clear. We further performed the fol-
lowing experiments to elucidate the potential mechanism
underlying macrophage differentiation and polarization. Previ-
ous bioinformatics analysis had suggested the circRNA_17725/
miR-4668-5p/FAM46C ceRNA network (Figure 2). In this
study, Lv-circRNA-transfected Raw264.7 macrophage had
upregulated expression of FAM46C but decreased expression
of miR-4668-5p compared with the Lv-control group
(Figures 7(a)–7(c)). Besides, the luciferase reporter assay had
implicated that miR-4668-5p significantly downregulated
FAM46C at the post-transcriptional level in macrophages
(Figure 7(d)). Moreover, the RIP test suggested circRNA_
17725 could combine with miR-4668-5p and acting as a
ceRNA inmacrophages (Figures 7(e) and 7(f)). Taken together,
circRNA_17725 is involved in regulatingmacrophage polariza-
tion by targeting FAM46C through the circRNA_17725-miR-
4668-5p-FAM46C ceRNA network.

3.6. Overexpression of circRNA_17725 inMacrophage Alleviated
Arthritis in CIA Mice by Promoting M2 Polarization.
Figure 8(a) showed the flowchart for the construction and
intervention of CIA mice. As shown in Figure 8(b), circRNA_

(c)

Figure 2: Potential targets prediction of circRNA_17725. (a) Positive coexpression association between circRNA_17725 and FAM46C and
other factors implicated by high-throughput sequencing and bioinformatics analysis. (b) Complementary base pairs of circRNA_17725 and
miR-4668-5p, plus miR-4668-5p, and FAM46C. (c) A predicted circRNA_17725/miR-4668-5p/FAM46C ceRNA network (the red shape
represents miR-4668-5p, the purple squares represent targeted mRNAs including FAM46C, and the green circle represents circRNA_
17725).
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17725 decreased the mean score of arthritis and prolonged the
time of arthritis first occurred in CIAmice treated by circRNA_
17725-overexpressed Raw264.7 macrophages. Less redness and
swelling of mouse joints were observed in CIA mice adminis-
trated by Lv-circRNA-intervened macrophages compared with
those in control mice (Figure 8(c)). As demonstrated by HE
staining, less subchondral bone erosions, synovitis, and inflam-
matory lymphocyte infiltration were found in the joint tissue

slices of CIA mice intervened by circRNA_17725-overex-
pressed macrophages (Figure 8(d)). Besides, the Safranin O/
Solid green staining had shown less severe cartilaginous injury
and bone damages in the joint tissue slices of CIA mice treated
by Lv-circRNA_17725-transfected macrophages compared
with those in Lv-control-transfected macrophage-treated CIA
mice (Figure 8(e)). Moreover, the flow cytometry analysis
showed that increased CD163+ M2-type cells but decreased
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Figure 3: Association between circRNA_17725, FAM46C, TNF-α, IL-10, and CD206 in RA. (a) Expression of circRNA_17725 in
CD14+monocytes from RA patients in contrast to controls (∗∗P < 0:01; RA/control: 40/30). (b) Expression of FAM46C in
CD14+monocytes from RA patients in contrast to controls (∗∗P < 0:01; RA/control: 40/30). (c) Pearson’s correlation analysis:
relationship of circRNA_17725 with FAM46C (n = 40). (d) Pearson’s correlation analysis: relationship of circRNA_17725 with TNF-α
(n = 40). (e) Pearson’s correlation analysis: relationship of circRNA_17725 with IL-10 (n = 40). (f) Pearson’s correlation analysis:
relationship of circRNA_17725 with CD206 (n = 40).
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CD11c+ M1-type cells were infiltrated in spleens of CIA mice
treated by Lv-circRNA_17725-transfected macrophages
(Figure 9(a)). Similarly, the real-time PCR had suggested lower
levels of CD11c mRNA but higher levels of CD163 and
FAM46C mRNAs in spleen mononuclear cells of
macrophage-treated CIA mice compared with untreated CIA
mice, which had been treated by Lv-circRNA control
plasmid-transfected macrophages through tail intravenous
injection (Figure 9(b)). Moreover, reduced production of
TNF-α and IL-1β was observed in the plasm samples from
Lv-circRNA_17725-transfected macrophage-treated CIA mice
(Figure 9(c)). Taken together, circRNA_17725 protected
against synovitis, joint injuries, and bone destruction in vivo
by inducing macrophage polarization towards M2 through
the circRNA_17725-miR-4668-5p-FAM46C signaling axis.

4. Discussion

With the progress of molecular biology techniques, the role of
ncRNAs in autoimmune diseases, cancers, and inflammation-
associated diseases has been elucidated, some of which may
serve as ideal markers for disease diagnosis and treatment. In
previous studies, the specific expression profiles of ncRNAs

in RA patients have been identified, primarily including spe-
cific lncRNAs and miRNAs. Among them, lncRNA
HIX003209, miR-6089, and miR-548a-3p have been demon-
strated to be involved in regulating inflammation and autoim-
munity [13–15]. In particular, lncRNA HIX003209 can
sponge with miR-6089 and function as a ceRNA in macro-
phage response in RA [13]. Exosomes-delivering miR-6089
and miR-548a-3p can inhibit the generation of inflammatory
mediators in macrophages, which thus alleviates arthritis
[14, 15]. circRNAs are ncRNAs with closed circular structure,
which account for the majority of ncRNAs. They are stably
expressed and not easy to degradation. circRNAs play critical
roles in various pathophysiological processes. Accumulating
studies have reported that some specific circRNAs are dysreg-
ulated and associated with the disease activity of RA [16, 17].
We have also found that circRNA_09505 was upregulated in
RA and participated in macrophage-mediated immune and
inflammatory response in RA [12]. Accordingly, identification
of novel circRNAs in RA may provide insight into the patho-
genesis and biological therapy of RA.

Macrophages are heterogeneous cells with different phe-
notypes and functions, which can be differentiated into clas-
sically activated M1 and alternatively activated M2
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macrophages under the modifying effects of diverse media-
tors in the microenvironment. Increased levels of proinflam-
matory mediators from M1-type macrophages lead to
inflammation and immune disorders, such as TNF-α, IL-6,
and IL-1β [18]. It has been well established that M1/M2

imbalance was found in RA characterized by more M1 mac-
rophages and fewer M2 macrophages in the immune micro-
environment [19]. M1/M2 imbalance can promote Th1 and
Th17 cell reactions, which thus exacerbates the immunoin-
flammatory response and causes synovial cell hyperplasia,
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synovial hypertrophy, osteoclast formation, and cartilage
injury [20]. Accordingly, intervening the M1/M2 macro-
phage polarization balance effectively and maintaining the
balance of immune microenvironment would be a promis-
ing therapeutic way for RA. It has been found that family
with sequence similarity 46 member C (FAM46C), signaling,
and signal transducer and activator of transcription 33
(STAT3) play important regulatory roles in regulating mac-
rophage polarization [19, 21, 22]. Some ncRNAs have been
demonstrated to regulate the macrophage phenotypic polar-
ization and function by targeting STAT3 and other mole-
cules associated with macrophage polarization, such as
miR-221-3p and lncRNA NTT [23, 24]. Nonetheless, litter
is known about the impact of circRNAs in regulating macro-
phage phenotypes in RA. In this study, we have found that
circRNA_17725 could reduce macrophage proliferation but
promote cell apoptosis. Besides, circRNA_17725 reduced
the expression of inflammatory factors, such as TNF-α and
IL-1β in RA. Moreover, circRNA_17725 played a protective
role by promoting M2 polarization in vitro and in vivo, sug-

gesting the crucial effect of circRNA in regulating inflamma-
tion and autoimmunity in RA.

It has been demonstrated that the expression profile of
circRNAs is different between M1 macrophage and M2 mac-
rophage [25], suggesting the diverse and complicated regula-
tory effects of circRNAs on macrophage phenotypes and
functions. M1/M2 bias leads to chronic inflammation and
metabolic imbalance in SLE, which influences the balance
of immune microenvironment in targeted organs including
kidneys [26]. Song et al. have reported that circCdyl played
a pivotal role in abdominal aortic aneurysm (AAA) by pro-
moting M1 macrophage inflammatory response and induc-
ing M1 polarization [27]. circ_0000518 has been
demonstrated to promote macrophage/microglia M1 polari-
zation in multiple sclerosis [28]. A recent study has also sug-
gested the crucial role of circ_0005567 in inhibiting
chondrocyte apoptosis and the progression of osteoarthritis
by promoting M2 polarization via the miR-492/SOCS2 sig-
naling axis [29]. However, the molecular mechanism of cir-
cRNA in regulating M1/M2 polarization in RA is rarely
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Figure 6: circRNA_17725 promoted macrophage polarization towards M2. (a) Flow cytometry: circRNA_17725 promoted CD206+M2 and
CD163+M2 cells while inhibited HLA-DR+M1 and CD68+M1 cells polarization (representative pictures). (b) Cell percentages of
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(∗∗P < 0:01; n = 3). (d) CD206 mRNA expression was increased in circRNA_17725-overexpressed macrophages (∗∗P < 0:01; n = 3).
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reported. In this study, we have found that circRNA_17725
was significantly downregulated in RA. It was capable of
inhibiting macrophage proliferation and inflammatory
response, implicating a pivotal regulatory effect of cir-
cRNA_17725 on macrophage-mediated inflammation in
RA. Moreover, it could elevate the expression of M2-
associated molecule FAM46C and thus promote M2-type
cell response in CIA mice by increasing CD163+ M2 macro-
phages but decreasing CD11c+ M1 macrophage infiltration

in spleens of CIA mice. Taken together, this study has impli-
cated the protective role of circRNA_17725 in RA and its
critical effects on macrophage phenotypic plasticity.

The functions of circRNAs are different according to
their localization in cells [30, 31]. Most circRNAs molecules
are localized in the cytoplasm and exert effects by RNA-
RNA interactions including sponging with miRNAs and
antagonizing their posttranscriptional regulatory effects on
the downstream mRNAs [32, 33]. Nonetheless, some
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Figure 7: circRNA_17725 functioned as a ceRNA based on the circRNA_17725-miR-4668-5p-FAM46C network. (a) Real-time PCR:
increased expression of FAM46C in Lv-circRNA-transfected Raw264.7 macrophages (∗∗∗P < 0:001; n = 3). (b) Cell immunofluorescence:
higher expression of FAM46C in Raw264.7 macrophages transfected by Lv-circRNA plasmids (representative pictures; 20x). (c) Real-
time PCR: decreased miR-4668-5p in Lv-circRNA-treated cells (∗∗P < 0:01; n = 3). (d) Luciferase reporter assay: miR-4668-5p mimics
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circRNAs can function by directly binding to proteins
through RNA-protein interactions [28, 34]. In a previous
study, we found that circRNA_09505 could aggravate
inflammation and joint damage by regulating macrophage-

mediated immunoinflammatory response in CIA mice by
acting as a ceRNA for miR-6089 via the AKT1/NF-κB axis
[12], which suggests the pivotal mechanism of circRNA as
a ceRNA molecule in immune cells. The altering effect of
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Figure 8: circRNA_17725-overexpressed macrophage alleviated arthritis in CIA mice. (a) CIA mouse model construction flowchart (6
mice/group). (b) Arthritis score: circRNA_17725-overexpressed macrophage-treated CIA mice had lower arthritis score (vs. the WT
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severe cartilaginous injury and bone damages in the joint tissues of CIA mice treated by Lv-circRNA-transfected macrophages (20x).
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circRNA in regulating macrophage phenotypic polarization
warrants in depth investigation. In this study, the findings
have strongly supported that overexpression of circRNA_
17725 could elevate CD206+M2 and CD163+M2 cells per-
centages, while significantly inhibit HLA-DR+M1 and
CD68+M1 cells percentages. Besides, miR-4668-5p could
downregulate the expression of FAM46C in macrophage,
while circRNA_17725 served as a ceRNA by sponging
miR-4668-5p and promoted FAM46C expression in macro-
phages. All the findings have shed some light on the patho-
genesis of RA. It also provides novel ideas for investigating
more promising immunotherapy for RA by targeting certain
checkpoint molecules in this axis. Nevertheless, there are
some drawbacks in this study. On the one hand, the role of

circRNA_17725 in regulating macrophage polarization
should be further evaluated in the local immune balance of
joints. On the other hand, future studies are recommended
to investigate the modifying effects of circRNA_17725 on
influencing cartilage damages and articular repair. Last but
not the least, the downstream signaling pathway and key
checkpoints of circRNA_17725-miR-4668-5p-FAM46C axis
warrant to be elucidated in the future.

In conclusion, this study has implicated that circRNA_
17725 protected against synovitis, joint injuries and bone
destruction by inducing macrophage polarization towards
M2 through the circRNA_17725-miR-4668-5p-FAM46C
signaling axis in RA. circRNA_17725 might be serve as a
promising target for the biotherapy of RA.
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Figure 9: circRNA_17725 promoted M2 polarization in CIA mice. (a) Flow cytometry: CD14+CD163+ cells and CD14+CD11c+ cells
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Objective. To explore the relationship between circulating IGFBP-3, IL-6, and bone mineral density and the potential diagnostic
role of circulating IGFBP-3 and IL-6 in postmenopausal women with osteoporosis. Methods. Eighty-five postmenopausal women
at Soochow University’s First Affiliated Hospital, Osteoporosis and Menopause Clinics, were recruited. Forty-five of 85 women
were diagnosed with osteoporosis. Circulating IL-6, PTH, 1,25(OH)2D3, osteocalcin (OST), IGF-1, IGFBP-3, and bone mineral
density (BMD) of the lumbar spine (LS) and femoral neck (FN) were measured in 40 ordinary and 45 osteoporotic women. A
simple regression analysis calculated the correlation between age, BMD, IL-6, and IGFBP-3. Multiple stepwise regression
analyses were conducted to determine which variables were independently related to BMD. The potential role of IGFBP-3 and
IL-6 in the diagnosis of postmenopausal osteoporosis was predicted using the area under the receiver operating characteristic
curve (ROC, AUC). Results. Age, years since menopause, and circulating IL-6, PTH, and IGFBP-3 were significantly higher in
the osteoporosis group compared to the normal group. Osteoporotic women had substantially lower BMDs of the LS and FN
than normal women. Age-related increases were found for IGFBP-3 and IL-6, whereas age-related decreases were observed for
LS/FN BMD. IGFBP-3 and IL-6 were both negatively correlated with LS and FN BMD. Stepwise multiple regression analysis
showed that IGFBP-3 and IL-6 were strong predictors of BMD in postmenopausal women. AUC cut-off values (IGFBP-3: 3.65,
IL-6: 0.205) were best evaluated for the diagnosis of postmenopausal women with osteoporosis, and the AUC for circulating
IGFBP-3 and IL-6 were 0.706 (95% CI 0.594–0.818) and 0.685 (95% CI 0.571–0.798), respectively. Conclusion. In this cross-
sectional study of postmenopausal women, IGFBP-3 and IL-6 were negatively related to BMD. Circulating IGFBP-3 and IL-6
might be essential predictors of postmenopausal osteoporosis and can help predict osteoporotic fracture.

1. Introduction

Postmenopausal osteoporosis is a relatively common meta-
bolic disease in postmenopausal women, and the research
regarding its pathogenesis is still sparse [1]. Studies have
shown that estrogen deficiency is a fundamental cause of
the disease [2]. The primary clinical basis for diagnosing
postmenopausal osteoporosis is the bone mineral density
(BMD) of the lumbar vertebrae and proximal femur. Post-
menopausal women experience low back pain as their pri-
mary clinical symptom. Epidemiological surveys show that

more than 10% of osteoporosis occurs in postmenopausal
women, but fewer patients have fractures with the progres-
sion of the disease [3]. At the same time, the clinical mani-
festations of chronic pain in postmenopausal osteoporosis
are not apparent, and there is a lack of sensitive indicators
or predictors in early diagnosis [4].

However, in the past few years, some factors, particularly
the IGF (insulin-like growth factor) system (IGF-I, IGF-II,
and IGFBP- (IGF binding protein-) 1~6), have been pro-
posed to play crucial roles in the pathogenesis of bone loss
or osteoporosis in postmenopausal women. Especially,
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IGF-1 and IGFBP-3 play essential roles in regulating bone
metabolism. IGF-I is a synthetic growth hormone secreted
by the liver. Its prominent role includes stimulating osteo-
cyte proliferation and inhibiting collagen degradation,
thereby promoting bone growth and development [5].
IGFBP-3 is a binding protein of IGF-I, which regulates the
synthesis of IGF-I, prolongs the half-life of IGF-I in bone
metabolism, regulates the metabolism of vitamin D, and
promotes the utilization of calcium [6]. According to a
study, circulating levels of IGF-I and IGFBP-3 were signifi-
cantly lower in older adults than in the young population,
and a low circulating IGF-I and IGFBP-3 level was associ-
ated with osteoporosis [7]. However, other researchers
reported that IGFBP-3 is a potent inhibitor of IGF-I-
medicated DNA synthesis [8], indicating that IGFBP-3
could counteract the physiological function of IGF-I to a cer-
tain extent. In addition, Eguchi et al. demonstrated that
IGFBP-3 might help maintain bone mass in both an IGF-I-
dependent or IGF-I-independent manner by inhibiting oste-
oblast differentiation via the BMP-2 signal pathway [9].
Therefore, the specific role of IGFBP-3 in bone metabolism
and osteoporosis remains controversial.

IL-6, a multifunctional cytokine, is secreted by activation
of T cells, B cells, mononuclear macrophages, fibroblasts,
specific tumor stromal cells, and osteoblasts. Although the
content of IL-6 is minimal, it can act locally through auto-
crine and paracrine and affect the function of bone cells. It
can promote the growth of hematopoietic stem cells, thereby
exerting various biological activities [10]. A study involving
45 postmenopausal women showed that the circulating
levels of IL-1β, IL-6, and TNF-α in postmenopausal women
with osteoporosis were significantly higher than those with-
out osteoporosis. At the same time, neither group had signif-
icant differences in other parameters of bone metabolism
[11]. Scheidt et al. found that in women with osteoporosis,
circulating IL-6 levels were positively correlated with bone
loss in the first ten days after menopause, most notably in
the hip [12]. This evidence suggests that postmenopausal
osteoporosis is associated with IL-6.

This cross-sectional study is aimed at exploring the rela-
tionship between circulating IGFBP-3, IL-6, and bone min-
eral density in postmenopausal women. In addition, the
potential diagnostic role of circulating IGFBP-3 and IL-6
in the pathogenesis of postmenopausal osteoporosis in post-
menopausal women was investigated.

2. Materials and Methods

2.1. Population. Eighty-five postmenopausal women attend-
ing the bone mineral density examination at Soochow Uni-
versity’s First Affiliated Hospital, Osteoporosis and
Menopause Clinics, participated in this study. The circulat-
ing estradiol content in all patients was less than 20 pg/ml.
Both healthy and osteoporosis women were included in
our study. The age of menopause, duration of lactation, par-
ity, and age of menarche were recorded for each participant.
All participants have been out of menstruation for more
than one year. We excluded patients with hepatic or renal
dysfunction, thyroid disorders, or systemic diseases affecting

bone metabolism. All participants gave informed written
consent. The medical ethics committee of our hospital
approved the study. All participants did not take medica-
tions known to affect bone metabolism.

2.2. BMD Measurements. The BMDs of the L2-L4 lumbar
spine and femoral neck (g/cm2) were measured in all post-
menopausal women using a dual-energy X-ray absorptiom-
etry (DXA) system (Discovery, Hologic, Waltham, MA,
USA). Among 85 postmenopausal women, 45 had osteopo-
rosis (DXA T scores less than -2.5 standard deviations)
according to the WHO criteria [13–15]. According to the
in vivo variation coefficients, the lumbar spine had a varia-
tion coefficient of 1.7%, while the femoral neck had a varia-
tion coefficient of 2.2%. The same operator tested all the
participants to eliminate operator discrepancies. In order
to calculate the body mass index (BMI), body weight (kg)
was divided by the square of body height (m2).

2.3. Biochemical Measurements. After an overnight fast,
blood samples were collected, and serum was separated
and stored at -20°C until testing. Standard automated tech-
niques were used to perform routine serum determinations.
The circulating IGF-I levels were measured using radioim-
munoassay (RIA) after acid-ethanol extraction, and circulat-
ing IGFBP-3 levels were measured by RIA as described
previously [16]. Circulating levels of parathyroid hormone
(PTH), IL-6, osteocalcin (OST), and 1,25-dihydroxyvitamin
D3 [1,25(OH)2D3] were measured as previously described
[13, 17, 18]. These measurements were subjected to intra-
assay variation of 2-3% and intra-assay variation of 6-7%,
respectively.

2.4. Statistical Analysis. Means and standard deviations were
calculated for all variables. This study used SPSS 26.0 (SPSS
Inc., Chicago, IL, USA) for all statistical analyses. Compari-
sons were made between the normal and osteoporosis
groups using an independent-sample t-test. Using Pearson’s
correlation coefficient, we evaluated the correlation between
age, BMD, IL-6, and IGFBP-3 and determined the linear
relationship using simple regression analysis. In order to
determine which variables were independently related to
BMD, multiple stepwise regression analyses were conducted.
In order to determine whether IGFBP-3 and IL-6 circulating
levels indicate osteoporosis in postmenopausal women, a
receiver-operating characteristic (ROC) curve was con-
structed, and cut-off levels were selected. All analyses were
considered statistically significant if the p value was less
than 0.05.

3. Results

3.1. Baseline Characteristics. In this study, 85 postmeno-
pausal women met the eligibility criteria for participation.
The demographics and baseline data of the enrolled patients
are presented in Table 1. Compared to the normal women,
age, years duration of menopause, and circulating IL-6,
PTH, and IGFBP-3 were significantly higher in the osteopo-
rosis women. Compared to normal women, osteoporotic
women had substantially lower BMDs at the lumbar spine
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and femoral neck. However, no significant differences in
BMI and circulating levels of 1,25(OH)2D3, OST, and IGF-
1 were observed in the two groups.

3.2. Age-Related Changes. Correlations of age with IL-6,
IGFBP-3, and LS/FN BMD in all study populations are pre-
sented in Figure 1. Age-related increases were found for
IGFBP-3 (r = 0:348; p = 0:001) and IL-6 (r = 0:337; p =
0:002), whereas an age-related decrease was only observed
for BMD of the lumbar spine (r = −0:243; p = 0:025). BMD
of the femoral neck tended to decrease with age, but this cor-
relation was not statistically significant (r = 0:138; p = 0:207).

3.3. Correlations with BMD. Correlations of LS/FN BMD
with IGFBP-3 and IL-6 in all postmenopausal women are
presented in Figure 2. IGFBP-3 was negatively correlated
with LS BMD (r = −0:286; p = 0:008) and FN BMD
(r = 0:228; p = 0:036). Similarly, IL-6 was also negatively cor-
related with LS BMD (r = −0:267; p = 0:014) and FN BMD
(r = −0:305; p = 0:005).

3.4. Determinants of BMD. A stepwise multiple regression
analysis was conducted to identify the determinants of
BMD by including age, BMI, IGFBP-3, and IL-6 as indepen-
dent variables (Table 2). The multiple regression model
included variables whose p values were 0.2 or less. Multiple
regression analysis showed that age (β = −0:178; p = 0:015)
and circulating IGFBP-3 (β = −0:304; p < 0:001) and IL-6
(β = −0:285; p = 0:004) levels are independent predictors of
BMD of the LS BMD (R2 = 0:38). Meanwhile, age
(β = −0:126; p = 0:011) and circulating IGFBP-3
(β = −0:328; p = 0:003) and IL-6 (β = −0:301; p = 0:012)
levels were also independent predictors of BMD of the FN
BMD (R2 = 0:32). IGFBP-3 and IL-6 were the strongest pre-
dictors of BMD in postmenopausal women.

3.5. Diagnostic Values of IGFBP-3 and IL-6. The ROC curve
determined diagnostic values of circulating IGFBP-3 and IL-
6 levels for postmenopausal osteoporosis. As shown in
Table 3, the AUC for circulating IGFBP-3 and IL-6 was
0.706 (95% CI 0.594–0.818) and 0.685 (95% CI 0.571–
0.798), respectively. When circulating IGFBP-3 and IL-6
levels of 3.65μg/ml and 0.205 IU/ml (Youden index 46.37
and 34.78) were taken as cut-off values, the sensitivity and
specificity of their assay in the diagnosis of postmenopausal
osteoporosis were 89.12% and 57.25% and 80.25% and
54.53%, respectively.

4. Discussion

The pathological features of osteoporosis include decreased
bone formation, reduced bone mass and density, and destruc-
tion of bone microstructures. The main clinical symptoms are
spinal deformity, diffuse bone pain, and fragility fractures.
Currently, the risk factors of osteoporosis are relatively
straightforward and multifactorial. Many studies have shown
that smoking, lack of sunshine, a calcium-deficient diet, and
some endocrine diseases increase the risk of osteoporosis in
postmenopausal women [19]. However, there is no consensus
on the relationship between circulating cytokines such as
IGFBP-3 or IL-6 and new markers of bone turnover in post-
menopausal women. This study compared the baseline char-
acteristics of postmenopausal women in the normal and
osteoporosis groups and found that the two groups had statis-
tically significant differences in age; years since menopause;
circulating IL-6, PTH, and IGFBP-3; LS BMD; and FN
BMD. In our study, a significant correlation has also been
found between circulating IGFBP-3, IL-6, and bone mineral
density in postmenopausal women. Moreover, circulating
IGFBP-3 and IL-6 levels were important potential diagnostic
biomarkers for postmenopausal women with osteoporosis.

The estrogen hormone acts on the IL-6 promoter
directly and on the IL-1 and TNF promoters indirectly and
reduces the production of IL-1, IL-6, and TNF [20]. Post-
menopausal osteoporosis is closely related to cellular senes-
cence and inflammation caused by estrogen deficiency and
is mainly characterized by enhanced osteoclast differentia-
tion and bone resorption. Cellular inflammatory factors
can regulate the formation of osteoclasts through the
immune system and promote the occurrence and develop-
ment of osteoporosis and pathological bone diseases. Previ-
ous studies have found that the knockout of the IL-6 gene
could prevent bone loss after ovariectomy in mice. Applying
IL-6 antagonists to transgenic mice with highly expressed
IL-6 can prevent the occurrence of osteoporosis and growth
retardation [21]. It has been reported that IL-6 can directly
enhance osteoclast activity and inhibit its apoptosis, thereby
prolonging osteoclast lifespan [22]. IL-6 can also promote
osteoclastic activity and bone loss by activating the osteopro-
tegerin/receptor activator of nuclear factor kappa B ligand/
receptor activator of the nuclear factor kappa B (OPG/
RANKL/RANK) system, leading to osteoporosis [23]. In sev-
eral animal models of chronic inflammation, estrogen can
inhibit bone resorption and inflammation, reducing
inflammation-mediated pain responses and the occurrence

Table 1: The demographics and baseline data of the participants in
the normal group and osteoporosis group (mean and standard
deviation).

Variables
Normal group

(n = 40)
Osteoporosis group

(n = 45)
Age (years) 60:9 ± 6:4 64:5 ± 7:6a

Years since menopause
(years)

9:8 ± 2:1 12:4 ± 2:8c

BMI (kg/m2) 22:6 ± 3:3 22:1 ± 2:9
IL-6 (IU/ml) 0:15 ± 0:08 0:21 ± 0:09b

PTH (pg/ml) 29:4 ± 6:3 32:6 ± 7:1a

1,25(OH)2D3 (pg/ml) 26:3 ± 5:8 25:8 ± 4:7
OST (ng/ml) 7:3 ± 2:6 7:9 ± 3:1
IGF-1 (ng/ml) 178:5 ± 54:8 157:3 ± 45:9
IGFBP-3 (μg/ml) 3:36 ± 0:56 3:87 ± 0:68c

LS BMD (g/cm2) 0:712 ± 0:108 0:636 ± 0:114b

FN BMD (g/cm2) 0:623 ± 0:086 0:568 ± 0:092b

Significant at ap < 0:05, bp < 0:01, and cp < 0:001. BMI: body mass index;
IL-6: interleukin 6; PTH: parathyroid hormone; OST: osteocalcin; LS: lumbar
spine; FN: femoral neck.
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of neuroinflammatory diseases [24]. Our present findings
are compatible with those of previous studies. There was a
significant increase in IL-6 levels in the osteoporosis group
compared to the control group in the current study. It was
both negatively related to age and LS or FN BMD. Therefore,
postmenopausal osteoporosis is significantly impacted by
IL-6. Thus, exploring the relationship between IL-6, other
inflammatory factors, and estrogen will deepen the under-
standing of the pathogenesis of osteoporosis.
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Figure 1: Correlations of age with IGFBP-3, IL-6, and BMD at the lumbar spine and femoral neck in all postmenopausal women. LS: lumbar
spine; FN: femoral neck.

r = –0.286, P = 0.008 r = –0.228, P = 0.036

r = –0.305, P = 0.005r = –0.267, P = 0.014

IGFBP-3 (𝜇g/ml)
2 3 4 5 6

IGFBP-3 (𝜇g/ml)
2 3 4 5 6

IL-6 (IU/ml)
0.0 0.1 0.2 0.3 0.4 0.5

IL-6 (IU/ml)
0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.4

0.2FN
 B

M
D

 (g
/m

2 ) 0.8

0.6

1.0

0.0

0.4

0.2FN
 B

M
D

 (g
/m

2 ) 0.8

0.6

1.0

0.0

0.4

0.2LS
 B

M
D

 (g
/m

2 ) 0.8

0.6

1.0

0.0

0.4

0.2LS
 B

M
D

 (g
/m

2 ) 0.8

0.6

1.0

Figure 2: Correlations of LS BMD and FN BMD with IGFBP-3 and IL-6 in all postmenopausal women. LS: lumbar spine; FN: femoral neck.

Table 2: Stepwise multiple regression analysis between age, BMI,
IGFBP-3, and IL-6 considering LS/FN BMD as dependent variables.

Variables
LS BMD FN BMD

β P R2 β P R2

Age -0.178 0.015 0.38 -0.126 0.011 0.32

IGFBP-3 -0.304 <0.001 -0.328 0.003

IL-6 -0.285 0.004 -0.301 0.012

BMI: body mass index; IL-6: interleukin 6; LS: lumbar spine; FN: femoral neck.
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As one of the most abundant IGFBP families (IGFBP-
1~6) in blood circulation, IGFBP-3 is primarily produced
in the liver and can transport more than 75% of IGF [25].
The physiological functions of IGFBP-3 include IGF trans-
port and the regulation of the interaction between IGF and
its receptors. IGFBP-3 can regulate the bioavailability of
IGF by increasing its half-life and altering its biological
activity on target tissues, thereby exerting physiological
effects in an IGF-1-dependent or IGF-1-independent man-
ner [26]. IGF-1 is a growth-promoting peptide substance
induced by growth hormone, and it is also the most abun-
dant growth factor in osteoblasts. Previous studies found
that IGFBP-3 can antagonize the effect of IGF by combining
with IGF to reduce the amount of free IGF. Therefore, it has
antiproliferative, antimitotic, and proapoptotic physiological
effects [27]. Our results indicated that the osteoporosis
group had significantly high levels of IGFBP-3 than the con-
trol group.

Meanwhile, the circulating level of IGFBP-3 increased
with age and was negatively related to both LS BMD and
FN BMD. However, the results of some previous studies
were inconsistent with our findings. Yang et al. found that
IGFBP-3 could activate the growth factor signaling pathway
and exert its inhibitory effect on osteoclasts [28]. Govoni
et al. reported that the expression level of IGFBP-3 was sig-
nificantly reduced with the aggravation of postmenopausal
osteoporosis in female patients [29]. IGFBP-3 has both pro-
tective and destructive effects on the maintenance of bone
mass. First, IGFBP-3 can act on target cells, including osteo-
blasts, by inducing apoptosis or programmed cell death [25].
Second, IGFBP-3 can inhibit the osteoblast differentiation
induced by BMP-2 [9]. In addition, the overexpression of
IGFBP-3 caused by increased RNA stability might be associ-
ated with aging-induced osteoporosis [8]. These findings
suggest that IGFBP-3 promotes osteoporosis differently,
but the specific mechanism needs to be explored.

According to the current stepwise multiple regression
analysis, the independent predictors of LS and FN BMD
were circulating IGFBP-3 and IL-6, which indicated that cir-
culating cytokines were essential for preventing bone loss
and osteoporosis. Other variables, including age, years since
menopause, and PTH, did not predict BMD in postmeno-
pausal women. However, they were significantly different
in the normal and osteoporosis groups. An analysis of
ROC curves showed that circulating levels of IGFBP-3 and
IL-6 could be identified as reliable diagnostic biomarkers
for postmenopausal osteoporosis.

There were several limitations in our study. First, our
cross-sectional research was only observational at a single
time, and our correlative data cannot be treated as definitive
evidence of a causal relationship. Second, our study involved
only a Chinese population at a single hospital, and there is a

potential for selection bias in larger groups. Last, our sample
size was not large, which might limit multiple variable anal-
ysis. Therefore, a prospective study or randomized con-
trolled trial with a large sample size is recommended.

5. Conclusions

In this cross-sectional study of postmenopausal women, we
found negative correlations between IGFBP-3, IL-6, and
BMD in the lumbar spine and femoral neck. Circulating
levels of IGFBP-3 and IL-6 explained between 28.5% and
32.8% of the variation of LS/FN BMD. Circulating measure-
ments of IGFBP-3 and IL-6 might be essential predictors of
postmenopausal osteoporosis and could predict osteoporotic
fracture.
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Aim. This study is aimed at evaluating the use of curcumin-loaded polylactic-co-glycolic acid nanoparticles (CUR-loaded PLGA
NPs) as a treatment against monosodium iodoacetate- (MIA-) induced knee OA. Materials and Methods. Eighteen rats were
assigned to three groups (n = 6), namely, normal control group that received intra-articular injections (IAIs) of saline, an OA
control group that received an IAIs of MIA (2mg/50 μL), and a treatment group (MIA+CUR-loaded PLGA NPs) that received
IAIs of CUR-loaded PLGA NPs (200mg/kg b.wt). Results. The CUR NP treatment against knee OA alleviated radiographic
alternations and histopathological changes and inhibited the upregulation in the serum levels of interleukin-1β, tumor necrosis
factor-α, interleukin-6, and transforming growth factor-beta and the downregulation in interleukin-10. CUR NP-treated joints
also decreased the mRNA expression of nuclear factor-kappa B and inducible nitric oxide synthase and the protein expression
of matrix metalloproteinase-13 and caspase-3. Finally, CUR-loaded PLGA NP treatment mitigated the loss of type II collagen,
which resulted in a significant reduction in malondialdehyde level and increased the glutathione content and superoxide
dismutase activity compared with that of the OA group. Conclusion. This study demonstrated that the administration of CUR
NPs could provide effective protection against MIA-induced OA and knee joint histological deteriorated changes due to its
anti-inflammatory, antioxidant, and antiapoptotic properties.

1. Introduction

Osteoarthritis (OA) is a progressive and degenerative illness
that happens in the whole joint and can result in articular
cartilage degeneration, subchondral bone thickening, syno-
vium inflammation, osteophyte formation, and meniscal
degeneration [1]. Treatments for OA are mainly divided into

three categories: nonpharmacological treatments, pharma-
cological treatments limited to analgesics and/or nonsteroi-
dal anti-inflammatory drugs (NSAIDs), and surgical
treatments [2]. Current available medications for OA, except
joint replacement surgery, are essentially palliative and can-
not hinder articular cartilage degradation [3]. Furthermore,
long-term use of NSAIDs can cause adverse gastrointestinal,
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renal, and cardiovascular effects [4]. This calls for the devel-
opment of a structural OA disease drug that is safe, provides
symptomatic relief, and hinders the progression of cartilage
degeneration.

Curcumin (CUR) (diferuloylmethane), a polyphenol
compound obtained from turmeric, is a naturally available
molecule that has robust anticatabolic, antioxidant, anti-
inflammatory, and antirheumatic properties [5–7]. Accord-
ingly, CUR seems to be a promising approach in OA ther-
apy. Nevertheless, the therapeutic efficiency of CUR is
extremely restricted because of its low water solubility and
limited oral bioavailability [8]. Nevertheless, studies have
reported that CUR’s biological activity could be efficiently
enhanced using nanotechnology-based drug delivery [9,
10]. Various studies have explored CUR nanoparticles
(NPs) and CUR encapsulation with various substances such
as liposomes and polymers to overcome its inherent draw-
backs [11, 12]. Polylactic-co-glycolic acid (PLGA) is consid-
ered as an effective biodegradable polymeric NPs that was
authorized by US Food and Drug Administration for use
in drug delivery systems due to its low toxicity, controlled
and sustained-release properties, and biocompatibility with
tissue and cells [13, 14].

On the other hand, the intra-articular route for drug
delivery has significant potency and fewer systemic side
effects compared to that of oral delivery [15]. Accordingly,
this study was designed to explore the possible feasibility of
the intra-articular injections (IAIs) of CUR-loaded PLGA
NPs to treat monosodium iodoacetate- (MIA-) induced knee
OA in a rat model.

2. Materials and Methods

2.1. Animals. This study used mature male Wistar rats
weighing 130–150 g, which were kept in a standard 12 : 12
light/dark cycle in well-ventilated rooms. One week before
initiating the experiments, the rats were housed in sterilized
cages to be adapted to the laboratory with free access to
water and pellets. All methods for handling, use, and eutha-
nasia of the animals in this study were certified by the Exper-
imental Animal Ethics Committee of Faculty of Science,
Beni-Suef University, Egypt, and the ethical authorization
number is BSU/FS/2018/15.

2.2. Induction of OA.MIA was obtained from Sigma-Aldrich
(St. Louis, MO, USA) and dispersed in sterile saline. Under
diethyl ether anesthesia, all rats, except the normal control
group, received a single intra-articular injection of 50μL of
saline containing MIA (2mg) into the left side knee joint,
as previously described by Ragab et al. [16].

2.3. Preparation of CUR-Loaded PLGA NPs. PLGA, which is
poly (D, L-lactide-co-glycolide) with lactide: glycolide 50 : 50,
molecular weight (24,000), inherent viscosity (1.13 dL/g),
and formula [C3H4O2]x[C2H2O2]y, was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Besides, curcumin,
chloroform, polyvinyl alcohol (PVA; MW 30,000–70,000),
and ethanol were all purchased from Sigma-Aldrich (St.
Louis, MO, USA) as well.

CUR-loaded PLGA NPs were synthesized by solvent
solid-in-oil-in-water emulsion (s/o/w) evaporation based
on the method published by Niazvand et al. [17]. The
PLGA/chloroform solution (oil phase) was prepared by dis-
solving 60mg of PLGA in 1mL of chloroform. Then, 6mg of
CUR was added to the solution and sonicated, resulting in a
solid/oil emulsion. Thereafter, ethanol and 2% PVA (1 : 1)
was added to the emulsion and sonicated for 10min to pro-
duce a solid/oil/weight (s/o/w) emulsion. The s/o/w emul-
sion was further sonicated and agitated by a magnetic
stirrer for 5–6h to evaporate the solvent (chloroform). The
sample was subsequently centrifuged for 10min at 15,000 g
before being rinsed three times using distilled water. The
sample was allowed to freeze-dry for 24h to get a dry pow-
der. The obtained NPs were kept at 4°C.

2.4. Characterization of CUR-Loaded PLGA NPs. The sur-
face morphology of CUR-loaded PLGA NPs was investi-
gated with a scanning electron microscope (Zeiss Sigma
500 VP Analytical FE-SEM, Carl Zeiss Germany) and X-
ray diffraction (XRD) analysis (model no: 202964, Pananly-
tical Empyrean company). In addition, their zeta potential
and size were detected by Malvern (Malvern Instruments
Ltd) following the method by Moaty et al. [18].

2.5. Experimental Design. As described in Figure 1, the rats
were randomly allocated into three groups (n = 6). At 0,
14, 18, 22, and 26 days, the normal control group took IAIs
of 50μL of saline into the left side knee joint, whereas the
other two groups received IAIs of MIA (2mg) into the left
side knee joints on day 0. Then, rats in the OA control group
were given saline IA injections on days 14, 18, 22, and 26,
while the treatment group (MIA+CUR-loaded PLGA NPs)
received intra-articular injections of CUR-loaded PLGA
NPs at a dose of 200mg/kg. MIA and CUR-loaded PLGA
NPs injection doses were based on the previous studies by
Ragab et al. [16] and Niazvand et al. [17], respectively.

2.6. Knee Diameter Measurement (Swelling). A manual cali-
per was used to assess the variations in the anterior-
posterior diameter values of the knee joints among all
groups [19]. The measurements were obtained on days 0,
7, 14, 21, and 28 after MIA injection.

2.7. X-Ray Examination. On day 30 post-MIA injection, ani-
mals from all groups were anesthetized using diethyl ether,
and both hind limbs were extended and fixed on the table
with tape. Radiographs of the left knees (anterior-posterior
position) were captured using an X-ray device with a
60 cm focal film distance at 55 kV and 3mA.

2.8. ELISA Evaluation. Inflammatory status was evaluated in
all groups by measuring the serum proinflammatory cyto-
kines, tumor necrosis factor-α (TNF-α) (cat# MBS697379),
transforming growth factor-beta (TGF-β) (cat #
MBS8819920), interleukin- (IL-) 6 (cat# MBS7727039),
and IL-1β (cat# MBS697409) and the anti-inflammatory
cytokine IL-10 (cat# MBS2707969) using MyBioSource
Inc., San Diego, CA, USA, following the manufacturer’s
instructions.
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2.9. Evaluation of Antioxidant Markers and Oxidative Stress

2.9.1. Determination of Lipid Peroxidation Level. Malondial-
dehyde (MDA) that was generated through the breakdown
of polyunsaturated fatty acids was used as an index for
assessment of the extent of lipid peroxidation in serum fol-
lowing the method of Preuss et al. [20].

2.9.2. Determination of Glutathione (GSH) Content and
Superoxide Dismutase (SOD) Activity. GSH content in serum
was assayed following the procedure of Beutler et al. [21],
while the detection of serum SOD relied on the enzyme’s
capacity to prevent the phenazine methosulphate-mediated
decrease of nitroblue tetrazolium dye according to Nishikimi
et al. [22].

2.10. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) Assay. The mRNA levels of nuclear
factor-kappa B (NF-κB), type II collagen, and inducible
nitric oxide synthase (iNOS) were determined by real-time
qRT-PCR, for which the Qiagen tissue extraction kit (Qia-
gen, USA) was applied for the total RNA isolation. Then,
0.5–2μg total RNA was applied for cDNA synthesis utilizing
a Fermentas kit (USA). Applied Biosystem software version
3.1 (StepOne, USA) was utilized for real-time qPCR amplifi-
cation and analysis. The qRT-PCR assay was done with
primer sets optimized for the annealing temperature. The
sequences of the primers are listed in Table 1.

2.11. Western Blot Assay. The impact of CUR-loaded
PLGA NPs on the protein expression levels of NF-κB50
and NF-κB65 and cleaved caspase-3 was investigated using
knee samples maintained at 80°C. Briefly, all samples were
homogenized in a radio-immunoprecipitation (RIPA)

buffer supplemented with proteinase inhibitors and centri-
fuged, and the protein concentration was assayed with
Bradford assay in the obtained clear supernatant. Proteins
(30mg) were separated on SDS-PAGE, moved to nitrocel-
lulose membranes, and blocked with TRIS using 3%
bovine serum albumin and a Tween 20 (TBST) buffer at
ambient temperature for 1 hour. Subsequently, membranes
were left in the incubator with primary antibodies against
NFκBp50 (Cat# 14-6732-81; eBioscience), NF-κBp65 (Cat#
14-6731-81, eBioscience), and cleaved caspase-3 (cat #
PA5-114687, Thermo Fisher Scientific). Following the
washing with TBST, the prepared membranes were left
in the incubator with the corresponding secondary anti-
bodies, after which a chemiluminescence kit (BIORAD,
USA) was applied. The developed blots were scanned,
and image analysis software was utilized to measure the
obtained band intensity of the targeted proteins against
the control sample after being normalized by beta-actin
on a Chemi Doc MP imager.

2.12. Histopathological Analysis. The left knee joints were
assembled from all groups, followed by fixing in 10% neutral
buffered formalin for 48 hours, and then decalcified using
20% EDTA for two weeks. The joints were excised sagittal
and processed to get 4–6μm paraffin-embedded sections.
Obtained sections were then stained using hematoxylin
and eosin (H&E) before being examined under a light
microscope.

2.13. Immunohistochemistry Analysis. The sections were
stained following the streptavidin-biotin-peroxidase staining
method [23]. Paraffin tissue sections (4–6μm) were deparaf-
finized in xylene and then rehydrated in ethanol.

(G1) normal control rats

(G2) osteoarthritic control rats

(G3) MIA+CUR-loaded PLGA NPs

Zero 7 14

Knee swelling evaluation

18 21 22 26 28
30

31
Day

Saline intra-articular
injection (50 𝜇l) 

MIA intra-articular
injection (2 mg/kg)

 

MIA intra-articular
injection (2 mg/kg)

Saline intra-articular
injection (50 𝜇l)

Saline intra-articular
injection (50 𝜇l)

CUR-loaded PLGA NPs
intra-articular injection

(200 mg/kg)
Radiological
evaluation

Rats were sacrificed
Serum was collected

for ELISA and estimation
of (LPO, GSH & SOD)

Knee joints were collected
for PCR, WB,

immunohistochemical,
and histolopathologial

analyses

Figure 1: Timeline of the experiment showing the animal groupings, osteoarthritis (OA) induction on day 0, treatment on days 14, 18, 22,
and 26, and animal euthanasia on day 31.
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Endogenous peroxidase and nonspecific binding sites for
antibodies were suppressed by treating the sections for
10min with hydrogen peroxide (0.3%) and for 20min with
5% normal bovine serum (1 : 5 diluted tris buffer saline
[TRIS]) at ambient temperature, respectively. Obtained sec-
tions were rinsed with PBS, and then, 10% normal goat
serum was applied for 30min to minimize nonspecific bind-
ing. Obtained sections were then incubated in anti MMP13
primary antibody (cat no: GB11247; Servicebio, China) for
1 h, followed by incubation in streptavidin horseradish per-
oxidase (Dako-K0690) and biotinylated secondary antibody
(Dako Universal LSAB Kit) for 15min and then incubated
in 3-diaminobenzidine tetrahydrochloride (Sigma-D5905;
Sigma-Aldrich Company Ltd., Gillingham, UK) substrate
kit for 10min to achieve immunolabelling. Afterward, the
nuclei were stained using Harry’s hematoxylin stain, dehy-
drated ethanol, cleared in xylene, and then mounted in
DPX. Antibody binding was observed with high-power light
microscopy.

2.14. Statistical Analysis. Statistical analyses were performed
using SPSS software version 25.0 (SPSS Inc., Chicago, IL,
USA). All results are presented as means ðMÞ ± standard
errors of means (SEMs), with P < 0:05meaning a statistically
significant difference.

3. Results

3.1. Characterization of CUR-Loaded PLGA NPs. In this
study, the prepared CUR-loaded PLGANPs were shown using
a scanning electron microscope micrograph (Figure 2),
which were spherically shaped. Meanwhile, the XRD pattern
of CUR-loaded PLGA NPs (Figure 3) showed an absence of

Table 1: Primer sequences for NF-κB, iNOS, and type II collagen mRNA.

Target gene Primer sequence

NF-κB
Forward primer: 5′-CATTGAGGTGTATTTCACGG-3′
Reverse primer: 5′-GGCAAGTGGCCATTGTGTTC-3′

iNOS
Forward primer: 5′-GACCAGAAACTGTCTCACCTG-3′
Reverse primer: 5′-CGAACATCGAACGTCTCACA-3′

Type II collagen
Forward primer: 5′-GAGTGGAAGAGCGGAGACTACTG-3′
Reverse primer: 5′-CTCCATGTTGCAGAAGACTTTCA-3′

Beta-actin
Forward primer: 5′-TGTTTGAGACCTTCAACACC-3′
Reverse primer: 5′-CGCTCATTGCCGATAGTGAT-3′

There were six samples in each group, and data are described as means ± SEM. For each parameter, means (which have different superscript symbols) are
statistically significant at P < 0:05.

5 𝜇m EHT = 10.00 kV
WD = 4.6 mm

Signal A = SE2
Mag = 2.00 KX

PSAS
BSU

(a)

10 𝜇m EHT = 10.00 kV
WD = 4.7 mm

Signal A = SE2
Mag = 1.30 KX

PSAS
BSU

(b)

Figure 2: Scanning electron micrograph showing (a) PLGA and (b) CUR-loaded PLGA NPs.
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Figure 3: XRD of PLGA and CUR-loaded PLGA NPs.
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marked crystalline domains in CUR-loaded PLGA NPs,
implying that these NPs were in the disordered-crystalline
phase or the amorphous or the solid-state solubilized form
in the polymer matrix. Further, the average size (Figure 4(a))
and zeta potential (Figure 4(b)) of the CUR-loaded PLGA
NPs were 265.2 nm and −6.86mV, respectively.

3.2. Effect of CUR-Loaded PLGA NPs on Swelling (Knee
Diameter Measurements). As shown in Figure 5, MIA
induced an increase in the knee diameters of the OA control
and treatment groups when compared to the measurements
before the injection. Nevertheless, two weeks of CUR-loaded
PLGA NP IAIs markedly reduced swelling in the left knee
joints.

3.3. Effect of CUR-Loaded PLGA NPs Using X-Ray Imaging.
Radiographic detection was carried out to observe changes
in the knee joints after CUR-loaded PLGA NP treatment.
Compared to that of the normal control group
(Figure 6(a)), knee joints in the OA group (Figure 6(b))
had a narrow joint space and deformed articular surface.
Meanwhile, the CUR-loaded PLGA NP treatment consider-
ably hindered MIA-induced knee OA progression and atten-
uated joint destruction, in that the joints of the treated group
(Figure 6(c)) showed a little degree of narrowing, and no
obvious sclerosis and osteophyte formation was detected.

3.4. Effect of CUR-Loaded PLGA NPs on the Serum Levels of
TNF-ɑ, IL-1β, IL-6, TGF-β, and IL-10. The MIA-treated

group (Table 2) showed a significant increase in serum
TNF-ɑ, IL-6, IL-1β, and TGF-β levels and a decrease in
IL-10 levels compared to those of the normal control group
(P < 0:05). Meanwhile, the OA knee joints from the treat-
ment group showed a marked reduction in TNF-ɑ, IL-6,
IL-1β, and TGF-β levels, along with an elevation in IL-10
levels as compared to those of the OA group.

3.5. Effect of CUR-Loaded PLGA NPs on Lipid Peroxidation
and Antioxidant Status. The enhanced level of serum lipid
peroxidation product (MDA) in MIA-treated knee joints
was accompanied by a substantial reduction in GSH level
and SOD activity. Meanwhile, CUR-loaded PLGA NP IAIs
significantly lowered the level of MDA and boosted the
GSH content and SOD activity (Table 3).

3.6. Effect of CUR-Loaded PLGA NPs on NF-κB, iNOS, and
Type II Collagen mRNA Expression. OA knee joints showed
a marked (P < 0:05) elevation in the mRNA expression levels
of NF-κB and iNOS, along with a significant decline in type
II collagen compared with those of the normal group
(Table 4). Moreover, OA knee joints treated with CUR
exhibited a significant (P < 0:05) downregulation in NF-κB
and iNOS levels and inhibited the loss of type II collagen
mRNA expression level in comparison with that in OA con-
trol rats.

3.7. Effect of CUR-Loaded PLGA NPs on the Protein
Expression Levels of NF-κB p50 and NF-κB p65.Western blot
analysis shows that the protein expression levels of NF-κB
p50 and NF-κB p65 (Figures 7) were elevated post-MIA
administration when compared with the normal control.
However, CUR-loaded PLGA NP treatment significantly
diminished the protein expression of NF-κB p50 and NF-
κB p65 in the OA knee joints as compared to the MIA group.

3.8. Effect of CUR-Loaded PLGA NPs on Cleaved Caspase-3
Protein Expression. The protein level of cleaved caspase-3
(Figure 8) in the knee joint was estimated with western blot-
ting. OA rats demonstrated a marked increase in cleaved
caspase-3 level relative to those in the normal control group,
while OA rats injected with CUR-loaded PLGA NPs
revealed a marked downregulation in the cleaved caspase-3
level compared with those in the OA control group.

3.9. Effect of CUR-Loaded PLGA NPs on the
Histopathological Evaluation. H&E sections of the articular
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Figure 4: Illustration of the (a) size and (b) zeta potential of CUR-loaded PLGA nanoparticles.
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cartilage showed that chondrocytes in the normal control
group were placed neatly, and the dyeing was uniform
(Figure 9(a)). In the OA control group, obtained sections
had a myriad of pathological alternations such as cracks, fibril-
lation, disorderly arranged cells, empty lacunae, hyperchro-
matic nuclei, and a magnificent reduction in the number of
chondrocytes (Figures 9(b)–9(d)). In contrast, the MIA

+CUR-loaded PLGA NP group (Figures 9(e)) showed a nota-
ble decrease in the severity of cartilage degradation, as the
CUR treatment offered effective protection against OA pro-
gression. MIA+CUR-loaded PLGA NP-treated cartilage
appeared to have a smooth surface, orderly arranged chondro-
cytes, less loss of cells, and intact subchondral bone compared
to those of MIA-treated cartilages without treatment.

L

(a)

L

(b)

L

(c)

Figure 6: X-ray image showing the left knee joints (L) of all groups: (a) the normal knee joints; (b) MIA-treated knee joints depicting
radiographic alternations such as erosion of the cartilage surface, osteophytes, and joint space narrowing; and (c) MIA+CUR-loaded
PLGA NP-treated group, with joints nearly similar to those of the normal control.

Table 2: Effect of CUR-loaded PLGA NPs on the serum levels of TNF-α, IL-1β, IL-6, TGF-β, and IL-10 in MIA-induced OA in rats.

Groups
Parameters

TNF-α (pg/mL) IL-1β (pg/mL) IL-6 (pg/mL) TGF-β (pg/mL) IL-10 (pg/mL)

Normal control 20:22 ± 1:1a 47:05 ± 2:96a 62:78 ± 2:92a 115:36 ± 1:36a 324:67 ± 10:28c

MIA 261:19 ± 3:47c 136:07 ± 4:17c 188:9 ± 1:1c 260:55 ± 5:26c 122:87 ± 4:04a

MIA+CUR-loaded PLGA NPs 57:02 ± 1:23b 65:57 ± 2:92b 94:88 ± 2:62b 146:25 ± 5:61b 283:57 ± 4:36b

There were six samples in each group, and data are described as means ± SEM. For each parameter, means, which have different superscript symbols, are
statistically significant at P < 0:05.
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3.10. Effect of CUR-Loaded PLGA NPs on the Matrix
Metalloproteinase-13 (MMP-13) Expression. MMP-13, a
key catabolic enzyme, was immunohistochemically stained

in the chondrocytes of the articular cartilage to assess its
protein expression. When compared with the normal con-
trol group, which almost had no positive staining for

Table 3: Effect of CUR-loaded PLGA NPs on the serum MDA and GSH levels and SOD activity in MIA-induced OA rats.

Groups
Parameters

MDA (nmol/mL) GSH (mg/dL) SOD (U/mL)

Normal control 0:84 ± 0:07a 210:70 ± 10:40c 263:11 ± 11:71c

MIA 2:095 ± 0:37c 9:2213 ± 0:66a 55:09 ± 9:97a

MIA+CUR-loaded PLAGA NPs 0:89 ± 0:11b 41:46 ± 5:99b 111:16 ± 6:28b

There were six samples in each group, and data are described as means ± SEM. For each parameter, means, which have different superscript symbols, are
statistically significant at P < 0:05.

Table 4: Effect of CUR-loaded PLGA NPs on mRNA relative expression of NF-κB, iNOS, and type II collagen of MIA-induced OA rats.

Groups
Parameters

NF-κB iNOS Type II collagen

Normal control 0:094 ± 0:0095a 1 ± 0:0106a 1:05 ± 0:01c

MIA 6:72 ± 0:33c 5:64 ± 0:28c 0:25 ± 0:06a

MIA+CUR-loaded PLGA NPs 1:94 ± 0:16b 2:13 ± 0:18b 0:5 ± 0:04b

There were six samples in each group, and data are described as means ± SEM. For each parameter, means, which have different superscript symbols, are
statistically significant at P < 0:05.
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MMP13 (Figure 10(a)), MIA induced an elevation in MMP-
13 content in the articular cartilage of the OA control group
(Figure 10(b)). However, sections (Figure 10(c)) showed that
the MMP-13 content was notably diminished in the articular
cartilage of the MIA+CUR-loaded PLGA NP group as com-
pared to that of the OA control group.

Additionally, our results (Figure 10) demonstrate an
increase in cell staining positive for MMP-13 in the articular
cartilage following MIA injection compared with that of the
normal control group (10:39 ± 0:22 vs. 1:01 ± 0:23, P < 0:05,
respectively). However, osteoarthritic rats treated with CUR-
loaded PLGA NPs exhibited a marked reduction in MMP-
13-positive chondrocytes compared with that of the MIA-
treated group without any treatment (5:26 ± 0:74 vs. 10:39
± 0:22, P < 0:05).

4. Discussion

Currently, evidence shows that there is a significant correla-
tion between the incidence and progression of OA and
inflammation, oxidative stress, and excessive catabolic activ-
ity [24].

In the current work, we utilized MIA to generate histo-
logical and biochemical changes in the articular cartilage
that resemble OA conditions in humans [25]. Moreover, in
search of inexpensive and beneficial treatments against OA,
we prepared CUR-loaded PLGA NPs and investigated their
potency against inflammatory mediators, oxidative stress,
and chondrocyte apoptosis in MIA-induced OA in a rat
model (Figure 11).

The sizes of the CUR-loaded PLGA NP detected in our
study were smaller than 300 nm and were consistent with
those reported by Gonzales et al. [26]. While the XRD pat-
tern in our study displayed no typical CUR peaks when
entrapped in NPs, Khan et al. [27] elucidated that the
absence of any noticeable crystalline domains of CUR
implies that CUR loaded on PLGA NPs is in the
disordered-crystalline phase or the amorphous or the solid-
state solubilized form in the polymer matrix. This
disordered-crystalline phase, or CUR, inside the polymeric
matrix, allows for a controlled release of the encapsulated
drug from the NPs.

Following Yabas et al. [28], our radiographic results
revealed that CUR NP intra-articular administration mark-
edly lessened the MIA-induced radiographic abnormalities
in the knee joints of the treated rats represented by normal
joint space and smooth surface of articular cartilage.

The NF-κB signaling pathway is claimed to be one of the
main signaling pathways that promote the progression of
OA [29]. Although NF-κB stays inactive in the cytoplasm
under normal conditions, upon adequate stimulation, e.g.,
by inflammatory cytokines or the inflammatory microenvi-
ronment, IκB kinase (IKK) activity phosphorylates IκB pro-
teins and causes their degeneration, which allows free NF-κB
complexes to translocate from the cytoplasm into the
nucleus and stimulate a variety of inflammation-related
genes. Furthermore, it triggers extracellular matrix degrada-
tion, chondrocyte apoptosis, pannus formation, and, eventu-
ally, pathological cartilage destruction (Figure 11) [5, 30].

Alternatively, various studies assumed that CUR hinders
OA-related inflammation by blocking the NF-κB signaling
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pathway and preventing chondrocyte apoptosis [31, 32]. As
a result, OA-related inflammation is suppressed and pro-
gression is slowed [11, 33, 34].

Subsequently, our study discussed the effect of CUR-
loaded PLGA NP IAIs on NF-κB gene and NF-κB-regulated
genes participating in inflammation, such as TNF-α, IL-6,
IL-1β, and TGF-β. Our data in harmony with Alhusaini
et al. [30] propose that CUR administration blocked NF-
κB activation by inhibiting IκB degradation and phosphory-
lation and suppressing the translocation of NF-κB into the
nucleus, thereby impeding the inflammatory response of
the cells.

Additionally, in agreement with [35], our presented data
revealed that CUR considerably boosted the serum levels of
IL-10, a robust anti-inflammatory immunosuppressive and
chondroprotective cytokine, indicating its potent anti-
inflammatory capacity.

Furthermore, CUR-loaded PLGA NP treatment during
OA inhibited the expression of iNOS, which is an
inflammation-induced enzyme that catalyzes the production
of the proinflammatory mediator nitric oxide (NO), further
demonstrating its anti-inflammatory effects. Several in vivo
and in vitro studies [36, 37] have shown that CUR treatment
reduces iNOS production in various inflammatory diseases.

(a) (b) (c)

(d) (e) (f)

Figure 9: Photomicrographs of hematoxylin and eosin- (H&E-) stained sections of the left knee joints. (a) shows the normal control group
with the normal architecture of the articular cartilage that consists of a noncalcified (NCC) region, which is arranged into superficial (S),
transitional (T), and radial (R) zones and calcified (CC) region with a clear intact tidemark in between (scale bar = 200μm). It also
shows subchondral bone (SC) with well-oriented bony trabeculae (arrow). (b)–(d) show the MIA-treated group (osteoarthritic rats),
wherein (b) depicts fissures, surface fibrillation (curved arrows), chondrocytes with hyperchromatic nuclei (arrowheads), chondrocytes
clusters (thin arrow), marked loss of (matrix and chondrocytes), and degenerated and disorganized bone trabeculae (thick arrows); (c)
shows a decrease in articular cartilage thickness, unclear tidemark, an abnormal subchondral with an increase in trabecular thickness,
and bone marrow space (BM) containing fewer hematopoietic cells; and (d) shows degeneration (asterisk) and heterogeneous
distribution of chondrocytes in the growth plate. (e) and (f) show the treatment group (MIA+CUR-loaded PLGA NPs), wherein (e)
displays a marked restoration of the normal structure of articular cartilage with an intact surface, except for some damaged parts (∗∗)
and a few hyperchromatic nuclei, an increase in cellularity, a partial improvement in tidemark integrity, and nearly normal bone marrow
space (BM) relative to the MIA group (scale bar = 200 μm), and (f) demonstrates neatly and properly aligned and oriented chondrocytes
of the growth plate (scale bar = 200 μm).
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Most recently, Cheragh-Birjandi et al. [37] postulated that
CUR administration can regulate NO levels by suppressing
the activation of the N-terminal kinase (JNK), p38, and
NF-κB pathways.

NF-κB pathway activation not only upregulates proin-
flammatory mediators but additionally mediates the chon-
drocyte activation triggered by the released extracellular
matrix (ECM) products, e.g., fibronectin fragments, which
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Figure 10: Photomicrograph showing immunostaining results of matrix metalloproteinase-1 (MMP-13) expression in cartilage tissue in the
(a) normal control group, (b) MIA-treated group, and (c) MIA+CUR-loaded PLGA NP group. Stained cells (brown) were counted, and the
percentage of positive cells is expressed as mean ± standard error of the mean (SEM), where n = 6 and P < 0:05.
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in turn promote the expression of a variety of matrix-
degrading enzymes, including metalloproteinases (MMPs)
[38–40]. In the early stage of OA, high upregulation of
MMP-13 expression, a prominent catabolic enzyme, leads
to severe deterioration of cartilage as it induces type II colla-
gen, which is a reason for nearly 90% of the ECM. The loss
of type II collagen is a critical stage that determines the irre-
versible progression of OA (Figure 11) [41]. Therefore, this
study explored MMP-13 and collagen type II expression
levels as indicators of the anticatabolic activity of CUR
NPs in the OA knee joint.

Herein, IAIs of CUR NPs prevented OA exacerbation by
diminishing MMP-13 expression [42] and the degradation
of type II collagen [6]. Kumar et al. [43] posited that CUR
possesses a suppressing effect on MMPs and variable cellular
signaling pathways, e.g., Janus kinase STAT and NF-κB/
mitogen-activated protein kinase/phosphoinositide 3-kinase,
which eventually ameliorate OA and prevent the further
damage of the cartilage.

Further, the effect of CUR treatment on cell death in
knee OA has also been elucidated. Although apoptosis is a
crucial process in keeping the homeostasis of several tissues,
the high rate of chondrocyte death is a well-known patho-
logical feature of OA [44]. MIA-induced TNF-α activates
the tumor necrosis factor receptor (TNFR) or death recep-
tors, eventually triggering the extrinsic pathway of apoptosis
(Figure 11). While Ding et al. [45] postulated that in MIA-
induced OA, the intrinsic pathway of apoptosis can be trig-
gered by reactive oxygen species (ROS). ROS accumulation
could induce oxidative stress, thus altering mitochondrial
function and promoting the excretion of cytochrome c and
activation of proapoptotic factors, e.g., caspase-3 [44, 46].
Moreover, mitochondrial impairment was shown to enhance
the response to cytokine-induced chondrocyte inflammation
by producing ROS and activating NF-κB [47].

Conversely, CUR has been shown to restore mitochon-
drial functions, scavenge free radicals and ROS [48, 49], and
suppress lipid peroxidation [50]. CUR also enhances the activ-
ity of other antioxidants such as SOD, catalase, GSH, and glu-
tathione peroxidase in various diseases [30, 51]. Based on these
studies, we scrutinized the role of CUR-loaded PLGA NPs in
suppressing the activation of the apoptosis mediators related
to OA. Our data confirmed the antioxidant efficacy of CUR
NPS as they considerably averted the increase in MDA lipid
peroxidation product and enhanced the antioxidant status
(GSH concentration and SOD activity). Moreover, consistent
with the results of Buhrman et al. [52], our results revealed
the antiapoptotic efficacy of CUR NPS, as they notably hin-
dered upregulation in caspase-3 levels. The antioxidant, antic-
atabolic, and antiapoptotic potency can bemostly attributed to
the hydroxyl, methoxy, α, β-unsaturated carbonyl, or diketone
groups present in CUR [53].

MIA-induced knee OA inflammation led to severe histo-
pathological alterations in the architecture of the articular
cartilage, such as clefts, disorderly arranged cells, hyperchro-
matic, and a significant reduction in chondrocyte number
[31]. Whereas CUR-loaded PLGANP treatment did not affect
the regeneration of the cells, it halted OA progression by
reducing inflammation and chondrocytes apoptosis which is

depicted by milder tissue defects and pronounced articular
cartilage and subchondral bone integrity. Our findings are
consistent with Yabas et al. [28], which revealed that CUR less-
ened OA severity by restoring the architecture of the knee
joint. Wang et al. [54] postulated that CUR moderately
enhanced the integrity of the articular cartilage by blocking
the NF-κB/hypoxia-inducible factor 2α signaling pathway.

Therefore, current findings suggest that OA-related dete-
riorations and progression are halted due to the ability of
CUR-loaded PLGA NPs to modulate various mediators such
as NF-κB, MMP-13, and oxidative stress.

5. Conclusion

Overall, this study demonstrates that intra-articular treatment
with CUR-loaded PLGA nanoparticles is a compelling candi-
date for improving joint health in knee OA due to their anti-
inflammatory, anticatabolic, and antioxidant characteristics.
However, for clinical applications, further research studies
with a longer treatment period and bigger sample size should
be carried out to explore its underlying mechanisms.
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In this study, we conducted a systematic review and meta-analysis regarding the role of the neutrophil to lymphocyte ratio (NLR)
in Guillain Barré syndrome (GBS). The most recent update to the search was on July 18, 2022, through the databases of Web of
Science, PubMed, Embase, and Scopus. The Newcastle-Ottawa scale was used for quality assessment of included studies. Finally,
14 studies were included in the review, and among them, ten studies were included in the meta-analysis. Our results showed that
NLR levels were significantly increased in the patients with GBS compared with healthy controls (SMD = 1:05; 95%CI = 0:59 to
1.50, P < 0:001). After treatment, NLR levels were decreased to the extent that they became similar to healthy controls
(SMD = −0:03, 95%CI = −0:29 to 0.22, P = 0:204). Moreover, NLR was a stable predictor of outcome or response to treatment
in such patients (SMD = 1:01, 95%CI = 0:65 to 1.37, P < 0:001); the higher the NLR, the worse the outcome. In addition,
patients who underwent mechanical ventilation had higher levels of NLR compared to those who did not (SMD = 0:93, 95%CI
= 0:05 to 1.82, P = 0:03). However, NLR levels were not different among distinct GBS subtypes, so it could not distinguish
among them. In conclusion, our analysis indicates that the NLR levels are highly elevated in patients with GBS. Therefore, the
NLR has the potential to be used as a biomarker to inform diagnosis, prognosis, or treatment responses in GBS, and future
studies are warranted.

1. Introduction

Guillain Barré syndrome (GBS) is a peripheral nervous
system immune-mediated disorder marked by muscle
weakness [1]. Acute inflammatory demyelinating polyradi-
culoneuropathy (AIDP) is the most prevalent form of
GBS, followed by acute motor axonal neuropathy (AMAN)
and acute motor-sensory axonal neuropathy (AMSAN)

[1]. The disease has a prevalence of one to two cases per
100,000 people per year, with the majority of patients hav-
ing an infection prior to the onset of the disorder [2].
Although it is widely assumed that GBS is caused by post-
infectious immunological dysfunction that mediates demy-
elination of the peripheral nervous system, the exact
etiology of the disease is yet unknown [2]. Indeed, it is
an immunopathologically and clinically complex disorder
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with a limited number of effective immunomodulatory
therapies [3].

Furthermore, there are no biomarkers that can be used
to help with disease diagnosis, categorization, or prognosis
[4]. These characteristics often contribute to misdiagnosis,
overtreatment, treatment failure, and unsatisfactory out-
comes. This thereby necessitates identification of disease
biomarkers to improve GBS diagnostic and therapeutic out-
comes [4]. The neutrophil to lymphocyte ratio (NLR) is a
new, inexpensive, simple, widely available, and fast-
responding biomarker of cellular immune activation. In
addition, it is a valid index of stress and systemic inflamma-
tion that has opened a new outlook for clinical medicine. It
allows for a better understanding of the biology of inflam-
mation and the coupling between adaptive and innate
immunity [5]. During disease, the NLR is disrupted with a
shift in balance between adaptive (lymphocytes) and innate
(neutrophils) immune responses [5]. Its diagnostic and
prognostic usefulness has been investigated in a variety of
conditions, including cancer [6], cardiovascular disease [7],
and neurological disorders [8, 9]. Several researchers have
now looked into the link between NLR and GBS [10–16].
NLR may play a diagnostic and prognostic role in GBS,
according to the results of these studies. NLR levels were
found to be higher in patients with GBS compared to healthy
controls in several studies [10, 12–14]. On the other hand,
one recent study found no significant alterations in this
marker between GBS patients and controls [11]. In addition,
two previous studies declared that NLR could come into use
when distinguishing between GBS subtypes [13, 16], while
other studies found totally opposite findings [10–12]. This
introduces the concept that timing of the test may be impor-
tant. Furthermore, some previous studies show that early
testing may predict the outcome of patients with GBS
[11–13]. According to the contradictions in the current data,
a systematic review and meta-analysis is required. In this
study, we conducted a systematic review of the literature
on the role of NLR in GBS and used a meta-analysis to pool
the individual data from several studies.

2. Method

2.1. Search Strategy. In compliance with the Preferred
Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) standards, we performed a comprehensive review
and meta-analysis to collect all published papers (Figure 1).

Two reviewers, who were entirely blind to the journal
and author details, independently carried out a systematic
literature search throughout the online databases of Web
of Science, Scopus, PubMed, and Embase. The search strat-
egy was as follows: ((guillain-barre AND syndrome) OR
(guillain AND barre AND syndrome) OR GBS) AND ((neu-
trophil AND lymphocyte AND ratio) OR (neutrophil-to-
lymphocyte) OR NLR).

The most recent update to the search was on July 18,
2022. We did not limit our search to a particular language
or year of release. To find possibly suitable studies,
researchers combed through the reference lists of related
reviews and papers. Additionally, the Prospero Registry

was combed for information on unpublished and continuing
investigations. Because most of the identified papers were
conducted in China, we also conducted a rapid nonsystem-
atic search in Google Scholar as a secondary database in
English and Chinese to identify grey literature and more rel-
evant studies.

2.2. Inclusion and Exclusion Criteria. The following were the
criteria for inclusion: (1) studies that are cross-sectional,
case-control, or cohort and (2) studies comparing NLR data
from GBS patients to healthy controls or studies using NLR
data to predict the outcome. Good outcome was defined as
Hughes disability score ðHDSÞ < 3 after treatment. The fol-
lowing were the criteria for exclusion: (1) reviews, letters to
editors, animal studies, case series, and case reports and (2)
studies with similar data.

2.3. Extraction of Data and Quality Assessment. Two authors
independently investigated the titles/abstracts of the publica-
tions obtained. The entire texts of relevant papers were then
separately examined for eligibility by the same two authors.
A third independent author handled any disagreements
between reviewers in both steps.

The first author, year of publication, language, study
location, study design, age group (adult or children), total
sample size, and the number of cases and controls were col-
lected. NLR level data in GBS cases and controls were all
extracted. When there were disagreements, a third author
was consulted to reach a consensus.

Two writers independently assessed the quality of the
studies included using the Newcastle-Ottawa scale, which
has three sections: selection (4 items), comparability (2
items), and outcome (3 items), with a total grade of 0 to 9.
Any differences were finally settled by a third author
through arbitration.

2.4. Statistical Analysis. NLR differences among GBS
patients and healthy controls were evaluated using a stan-
dardized mean difference (SMD) with a 95% confidence
interval (CI). The methods introduced by Wan et al. [17]
were used to calculate the mean and SD from the median,
range, or IQR. The chi-squared (χ2) test and the I2 statistic
were used to determine the degree of heterogeneity between
study results, and the I2 statistic was used to quantify incon-
sistency throughout studies. I2˃75% and P value of χ2 test ˂
0.05 were considered significant. The random-effects meta-
analysis was chosen in this study because both between-
study heterogeneities were significant.

Subgroup analysis was performed according to age
group (adults vs. children), study location (Turkey vs. other
countries including China and Egypt), and sample size (large
studies vs. small studies). We considered studies with sample
size of 200 or more as large studies.

For detection of potential publication bias, Funnel plot
and Egger’s linear-regression test were used, and those with
P value ˂ 0.05 were considered to have significant publica-
tion bias. For statistical analysis, STATA 12.0 software (Stata
Corporation, College Station, TX, USA) was used. Statistical
significance was defined as a P value of less than 0.05.
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3. Results

3.1. Literature Search and Selection. Figure 1 shows the pro-
cess of identifying and selecting research evidence in this
systematic review. In addition to the 228 studies found from
the initial database search, 20 further studies were identified
through reference lists of relevant articles and Google
Scholar and were added. After screening, 14 studies were
included in the review [10–16, 18–23]. Among them, ten
studies had sufficient data to be included in the meta-
analysis [10–16, 22, 24, 25].

3.2. Characteristics of the Included Studies. Of the ten studies
included in this meta-analysis [10–16, 22, 24, 25], eight stud-
ies were retrospective [10–12, 14–16, 24, 25], and two studies
were prospective [13, 22]. Concerning document language,
all of the documents were in English. Overall, 522 healthy
controls and 1207 GBS patients were enrolled in the selected
studies. The general characteristics of the selected studies are
presented in Table 1. Although the quality assessment of
selected studies assessed with the Newcastle-Ottawa scale
had different scores ranging from 4 to 9, we included all of
them in the meta-analysis (Table 1).

Of the ten studies, five studies compared pretreatment
NLR levels in patients with GBS and those of controls
[10–14], three studies compared posttreatment NLR levels
in patients with GBS and those of controls [11–13], four
studies compared pre- and posttreatment NLR levels in
patients with GBS [11–13, 15], three studies provided NLR
data for both good and poor outcome patients [11–13],

and three studies reported association of NLR with mechan-
ical ventilation [22, 24, 25]. Additionally, five studies
declared the differences in NLR levels between AIDP and
axonal types [10–13, 16], of which three studies showed
the differences in NLR levels among AIDP, AMAN, and
AMSAN [12, 13, 16].

3.3. Meta-Analysis of Differences between GBS Patients and
Healthy Controls in NLR Level. Before treatment, NLR levels
in GBS patients were compared with those of controls in five
studies [10–14] with 412 patients with GBS and 522 con-
trols. Compared with the control group, the GBS patients’
NLR levels before treatment were significantly higher (ran-
dom-effects model, SMD = 1:05; 95%CI = 0:59 to 1.50, P <
0:001) (Figure 2).

In subgroup analysis according to age group, there were
four studies [10, 12–14], including solely the adult partici-
pants consisting of 344 patients with GBS and 459 controls.
One study [11] included 36 adult and 32 pediatric partici-
pants and reported the mean ± SD for both groups. The
pooled results showed that the NLR levels in adults with
GBS were significantly higher than those in healthy controls
(random-effects model, SMD = 1:61, 95%CI = 0:57 to 1.47,
P < 0:001). The NLR levels of children with GBS in compar-
ison with those of healthy controls showed no significant
difference (random-effects model, SMD = 0:00, 95%CI = −
0:50 to 0.50) (Figure 3).

In subgroup analysis according to study location, we
found that the NLR levels in patients with GBS were signif-
icantly higher than those in healthy controls in both Turkey
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Figure 1: Flowchart of search and study selection.
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(SMD = 0:91, 95%CI = 0:73 to 1.10, P < 0:001) and other
countries (SMD = 1:21, 95%CI = 0:99 to 1.42, P < 0:001)
(Figure 4).

Subgroup analysis according to age group showed that
the NLR levels in patients with GBS were significantly higher
than those in healthy controls in either small (SMD = 1:13,
95%CI = 0:94 to 1.31, P < 0:001) or large studies
(SMD = 1:61, 95%CI = 0:57 to 1.47, P < 0:001) (Figure 5).

3.4. Association of NLR with Treatment in Patients with
GBS. In the next step, we conducted a comparison of
pre- and posttreatment NLR levels of GBS patients based
on studies for whom the data (pre- and posttreatment
NLR levels) was available. Four studies [11–13, 15],
including 224 GBS cases, had sufficient data. The pooled
results showed that pretreatment NLR levels were signifi-
cantly higher than posttreatment NLR levels (random-
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Figure 2: Meta-analysis of differences in NLR levels between GBS patients before treatment and healthy controls.
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Figure 3: Subgroup analysis of differences in NLR levels between GBS patients before treatment and healthy controls according to age
group.
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Study
ID

Geyik, S. (2016)

Turkey

Ethemogl, O. (2018)

Ethemogl, O. (2018)

Bedel, C. (2019)

Other countries

Huang, Y. (2018)

Hashim, N.A. (2020)

Subtotal (I-squared = 93.8%, p = 0.000)

Subtotal (I-squared = 0.0%, p = 0.881)

Heterogeneity between groups: p = 0.043)

Overall (I-squared = 90.4%, p = 0.000)

SMD (95% CI) Weight
(%)

1.02 (0.72, 1.32)

–0.06 (–0.54, 0.41)

0.00 (–0.50, 0.50)

1.61 (1.29, 1.93)

0.91 (0.73, 1.10)

1.20 (0.95, 1.44)

1.24 (0.74, 1.74)

1.21 (0.99, 1.42)

1.03 (0.89, 1.17)

–1.93 0 1.93

22.17

8.87

7.98

19.30

58.32

33.64

8.04

41.68

100.00

Figure 4: Subgroup analysis of differences in NLR levels between GBS patients before treatment and healthy controls according to study
location.

Study
ID SMD (95% CI) Weight

(%)

Large studies
Geyik, S. (2016)

Huang, Y. (2018)

Subtotal (I-squared = 0.0%, p = 0.366)

Subtotal (I-squared = 93.9%, p = 0.000)

Small studies

Ethemogl, O. (2018)

Ethemogl, O. (2018)

Bedel, C. (2019)

Hashim, N.A. (2020)

Heterogeneity between groups: p = 0.146
Overall (I-squared = 90.4%, p = 0.000)

1.02 (0.72, 1.32)

1.20 (0.95, 1.44)

1.13(0.94, 1.31)

–0.06 (–0.54, 0.41)

0.00 (–0.50, 0.50)

1.61 (1.29, 1.93)

1.24 (0.74, 1.74)

0.92 (0.70, 1.13)

1.03 (0.89, 1.17) 100.00

44.18

8.04

19.30

7.98

8.87

55.82

33.64

22.17

–1.93 1.930

Figure 5: Subgroup analysis of differences in NLR levels between GBS patients before treatment and healthy controls according to sample
size.
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effects model, SMD = 0:80, 95%CI = 0:22 to 1.38, P < 0:001
) (Figure 6).

In addition, NLR levels of GBS patients after treatment
became similar to those of controls (fixed-effects model,
SMD = −0:04, 95%CI = −0:23 to 0.16, P = 0:71) based on
three studies [11–13] comprising 197 patients and 204 con-
trols (Figure 7).

3.5. Association of NLR with Prognosis in Patients with GBS.
Three of the ten studies [11–13] comprising 197 patients
evaluated the relationship between NLR and outcome after
treatment in patients with GBS. The pooled results showed
that patients with bad outcomes had higher levels of NLR
compared with good outcome patients after treatment
(fixed-effects model, SMD = 1:02, 95%CI = 0:65 to 1.38, P
< 0:001) (Figure 8). In other words, patients with lower
NLR had a better response to treatment in comparison with
those with higher NLR.

3.6. Association of NLR with Mechanical Ventilation in
Patients with GBS. Three of the ten studies comprising 706
patients evaluated the relationship between NLR and out-
come after treatment in patients with GBS. The pooled
results showed that patients who underwent mechanical
ventilation had higher levels of NLR compared to those
who did not (random-effects model, SMD = 0:93, 95%CI =
0:05 to 1.82, P = 0:03) (Figure 9). In other words, patients
with lower NLR had a better response to treatment in com-
parison with those with higher NLR.

3.7. Differences in NLR Levels among GBS Subtypes. Of the
ten studies, five studies [10–13, 16], including 357 patients
with GBS, reported the differences in NLR levels between
axonal subtypes (including AMAN and AMSAN) and
AIDP. Of the five studies, three more detailed studies [12,
13, 16] included 191 patients with GBS, including 117 cases
with AIDP subtype and 74 cases with axonal subtype com-
prising 35 with AMAN and 39 AMSAN and compared these
subgroups two-by-two. The pooled results showed that there

was no significant difference in NLR levels between AIDP
and axonal subtypes (random-effects model, SMD = −0:08,
95%CI = −0:60 to 0.45, P = 0:772), AIDP and AMAN (ran-
dom-effects model, SMD = 0:08, 95%CI = −0:59 to 0.75, P
= 0:807), AIDP and AMSAN (random-effects model, SMD
= −0:33, 95%CI = −1:53 to 0.67, P = 0:588), and AMAN
and AMSAN (random-effects model, SMD = 0:19, 95%CI
= −0:28 to 0.67, P = 0:427) (Figures 10–13).

3.8. Publication Bias and Small Study Effect. The results of
studies on either difference in NLR levels between GBS cases
and controls [10–14] (Figure 14(a)) or differences between
pre- and posttreatment NLR levels in GBS cases [11–13,
15] (Figure 14(b)) showed no statistically significant publica-
tion bias (Egger’s test P value = 0.98 and 0.52, respectively).

4. Discussion

Our results showed that NLR levels were significantly
increased in the patients with GBS compared with healthy
controls. After treatment, NLR levels were decreased to the
extent that they became similar to healthy controls. More-
over, NLR was a good predictor of outcome or response to
treatment in such patients; the higher the NLR, the worse
the outcome. In addition, NLR could predict the need for
mechanical ventilation. Interestingly, NLR levels were not
different among distinct GBS subtypes, so it could not dis-
tinguish among them.

In addition to the findings of our meta-analysis, previous
studies mentioned some other roles for NLR in GBS. For
example, it has been shown that the NLR correlates with dis-
ability scores in GBS such as the HDS and the medical
research council (MRC) sum scale [12, 13, 18, 20–23]. Sahin
et al. revealed that NLR was a predictor of facial diplegia [21]
in GBS patients. Also, they mentioned that NLR had a statis-
tically significant correlation with worse nerve conduction
studies (NCS) findings such as changes in distal latency,
main F latency, conduction velocity, and amplitude [21].
Kim et al. reported that GBS patients who fully recovered

Study
ID

Geyik et al. (2016)

Huner et al. (2018)

Ethemogl et al. (2018)

Hashim et al. (2020)

Overall I-squared = 87.6%

NOTE: Weights are from random effects analysis

SMD (95% CI)
(%)

Weight

26.980.99 (0.68, 1.29)

0.12 (–0.21 0.46)

0.62 (0.08, 1.17)

1.54 (1.01, 2.08)

0.80 (0.22, 1.38)

–2.08 2.080

26.53

23.15

23.34

100.00

Figure 6: Meta-analysis of differences in NLR levels between pre- and posttreatment GBS.
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without any residual symptoms, compared to those with
residual symptoms more than six months after the onset of
disease, had significantly lower levels of NLR [19].

NLR is an established marker of inflammation and may
reflect an underlying proinflammatory state, as well as
immunologic dysfunction, in patients with GBS. Specifically,
an elevated NLR may reflect an immune system imbalance
[5]. As a brief explanation, neutrophils are a central compo-
nent of the innate immune system which serves to enhance
proinflammatory immune responses to fight pathogens and
rid the body of foreign material [26]. On the other hand,
lymphocytes are central players in the adaptive immune sys-
tem, which serves to attenuate proinflammatory responses
and regulate immunologic reactions [27]. A relative reduc-
tion in adaptive immunity, as reflected by an elevated NLR

value, could lead to unregulated proinflammatory responses
which contribute in GBS development.

GBS is the leading cause of acute flaccid paralysis.
Although the clinical features are varied, patients often pres-
ent with sensory symptoms and weakness in the legs that
advance to the central core muscles and arms [2]. In the
absence of adequately specific and sensitive biomarkers,
GBS is diagnosed based on the patient’s medical history
and electrophysiological, neurological, and cerebrospinal
fluid investigation [1].

Throughout outbreaks of infectious diseases that cause
GBS, the disease prevalence might rise [1]. For example, the
COVID-19 virus epidemics have lately been connected to an
upsurge in the number of people diagnosed with GBS [28].
Indeed, the outbreak of COVID-19 virus highlighted the lack

Study
ID SMD (95% CI) Weight

(%)

Geyik, S. (2016)

Ethemogl, O. (2018)

Ethemogl, O. (2018)

Hashim, N.A. (2020)

Overall (I-squared = 2.9%, p = 0.378)

0.10 (–0.18, 0.38)

–0.01 (–0.51, 0.49)

–0.38 (–0.84, 0.07)

–0.04 (–0.23, 0.16)

–0.07 (–0.54, 0.40)

48.80

17.27

15.54

18.39

100.00

–0.841 0.8410

Figure 7: Meta-analysis of differences in NLR levels between GBS patients after treatment and healthy controls.

Study
ID

Geyik, S. (2016)

Ethemogl, O. (2018)

Ethemogl, O. (2018)

Hashim, N.A. (2020)

Overall (I-squared = 7.2%, p = 0.357)

SMD (95% CI) Weight
(%)

1.20 (0.63, 1.76)

1.16 (0.35, 1.96)

0.28 (–0.61, 1.17)

1.12 (0.31, 1.92)

1.02 (0.65, 1.38)

–1.96 0 1.96

41.82

20.71

16.84

20.63

100.00

Figure 8: Meta-analysis of differences in NLR levels between GBS patients with good and bad outcome.
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of universally applicable criteria for the diagnosis and treat-
ment of GBS. It showed the need for more research on this rel-
atively poorly understood disorder [29]. Such investigations
are necessary because the diagnosis of GBS is still challenging
due to the lack of highly specific and sensitive diagnostic bio-
markers, an extensive differential diagnosis, and heterogeneity
in clinical presentation [1]. Furthermore, because illness devel-
opment and outcome differ widely, prognostic indicators for
GBS patients must be found [1].

Accordingly, among GBS patients, the role of some bio-
markers such as tumor necrosis factor, hypocretin-1,
neuron-specific enolase, myelin basic protein, neurofila-
ments, anti-ganglioside antibodies, neuron-specific enolase,
neurofilaments, hypocretin-1, myelin basic protein, chemo-
kines, and complements in disease prognosis and pathology
has been established [11]. Furthermore, a recent meta-

analysis found that Th1-, Th2-, and Th17-related cytokines
were all significantly higher in GBS patients [30]. Although
the pathophysiology of GBS is unknown, these findings
can be explained by the fact that GBS is caused by an abnor-
mal immune response to infectious pathogens that lead to
peripheral nerve injury [30]. Asbury and colleagues explored
the role of the inflammatory process in GBS for the very first
time in 1969 [31]. They discovered that lymphocyte infil-
trates in the nerves in many GBS patients. They also discov-
ered that even in individuals who had healed, persistent
inflammation was present, leading them to believe that this
is a potential cause of relapse [31]. Since then, a lot of effort
has gone into figuring out how the immune system plays a
role in inflammation. T cells have been found in the epineu-
rium and endoneurium in sural nerve biopsies of GBS
patients, and both CD8+ and CD4+ phenotypes have been

0.93 (0.05, 1.82)

Study
ID SMD (95% CI) Weight

(%)

Ning, P. (2019)

Tiwari, I. (2020)

Cheng, Y. (2022)

Overall (I-squared = 92.1%, p = 0.000)

NOTE: Weights are from random effects analysis

1.55 (1.28, 1.82)

1.48 (1.07, 1.88)

–0.45 (–1.18, 0.29)

35.90

29.63

34.47

100.00

–1.88 1.880

Figure 9: Meta-analysis of differences in NLR levels between GBS patients who underwent mechanical ventilation and those who did not.

Study
ID SMD (95% CI) Weight

(%)

Geyik et al. (2016)

Ozdemir et al. (2016)

Ethemogl et al. (2018)

Bedel et al (2019)

Hashim et al. (2020)

Overall I-squared = 82.2%

NOTE: Weights are from random effects analysis

–0.30 (–0.74, 0.14)

–0.40 (–0.88, 0.09)

–0.89 (–1.59, –0.19)

–0.08 (–0.60, 0.45)

0.20 (–0.20, 0.61)

0.89 (0.36, 1.42)

21.11

19.79

20.36

21.53

17.22

100.00

–1.59 1.590

Figure 10: Meta-analysis of differences in NLR levels between patients with AIDP and axonal GBS.
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detected in these infiltrating T cells [4]. In addition to T cells,
there is an elevation in the number of macrophages in the
epineurium and endoneurium of these nerves [4].

Furthermore, Yoshii and Shinohara discovered that nat-
ural killer cell function was lower in GBS than in the control
group [4]; the authors suggested that natural killer cell activ-
ity deficiencies could leave people vulnerable to GBS because
these cells suppress the immune system [4]. The majority of
GBS studies, on the other hand, have concentrated on the
diagnostic and prognostic role of cytokines [30]. Not sur-
prisingly, because of the robust immune response, there
are changes in cytokine and inflammatory biomarkers’ levels
in GBS [4].

Considering the involvement of inflammatory processes
in hematopoietic multiple-lineage alterations, NLR can be

used as an affordable and readily available marker for sys-
temic inflammation [5, 32]. It is, in fact, the number of neu-
trophils divided by the total number of lymphocytes and is
widely employed as a reliable and easily accessible biomarker
for multiple conditions [5, 32]. The average range of NLR in
adults is 1-2, with values greater than 3.0 and less than 0.7
being abnormal [5]. NLR in the 2.3-3.0 range may act as
an early warning sign for pathological conditions or pro-
cesses such as cancer, atherosclerosis, mental disorders,
and neurologic illnesses [5]. It has also been proven in mul-
tiple studies to be a highly sensitive sign for infection [33],
inflammation, and sepsis [34]. In critical illness or acute dis-
ease, NLR should be evaluated on a daily basis, with absolute
values and dynamic course being monitored [5]. It should be
utilized on a regular basis in emergency rooms, intensive

Study
ID

Geyik et al. (2016)

Ethemogl et al. (2016)

Hashim et al. (2020)

Overall I-squared = 64.6%

NOTE: Weights are from random effects analysis

SMD (95% CI)
(%)

Weight

38.57–0.13 (–0.68, 0.42)

0.75 (0.77, 1.42)

–0.44 (–1.32, 0.44)

0.80 (–0.59, 0.75)

–1.42 1.420

34.09

27.34

100.00

Figure 11: Meta-analysis of differences in NLR levels between patients with AIDP and AMAN GBS.

–0.33 (–1.53, 0.87)

Study
ID SMD (95% CI) Weight

(%)

Geyik et al. (2016)

Ozdermir et al. (2016)

Hashim et al. (2020)

Overall I-squared = 89.3%

NOTE: Weights are from random effects analysis

–0.50 (–1.08, 0.08)

–1.39 (–2.26, –0.53)

0.82 (0.20, 1.45)

34.48

34.06

31.46

100.00

–2.26 2.260

Figure 12: Meta-analysis of differences in NLR levels between patients with AIDP and AMSAN GBS.
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care units, and acute medicine settings such as surgery,
orthopedics, traumatology, cardiology, neurology, psychia-
try, and even on cancer wards [5].

Zahorec, in 2021, postulated that elevated NLR values
are secondary to a multifactorial process involving neuroen-
docrine and immunologic input [5]. Stress and severe illness
can activate the hypothalamic-pituitary-adrenal (HPA) axis
leading to elevations in cortisol that stimulate neutrophil
demargination and maturation, as well as lymphocyte apo-
ptosis [35–39]. Immunologically, severe illness increases
the production of neutrophils from the bone marrow and
can lead to lymphopenia via various proposed mechanisms
[40–42]. Ultimately, a relative neutrophilia and lymphope-
nia can result, leading to an elevated NLR.

The findings in this report are subject to at least four
restrictions. First, there was significant statistical heterogene-
ity across studies, as previously stated. This is most likely due
to variations in study inclusion criteria, recruiting condi-

tions, and target population. Furthermore, the majority of
the studies included did not give information on the stage
of GBS. As a result, the varied phases of patients across stud-
ies may have contributed to the between-study heterogeneity
reported in this meta-analysis (Table 2).

Nonetheless, these findings underscore the necessity for
ongoing research into the NLR level in GBS patients, as well
as the control of pertinent clinical and methodological vari-
ables. This should be done in order to better understand the
disease’s cause. Another limitation was that the data
retrieved from the relevant papers did not allow for the test-
ing of the relationship between NLR and facial diplegia (a
common symptom of GBS) and patients’ mortality. As a
result, these are critical topics that should be investigated
further.

In conclusion, this is the first systematic review and
meta-analysis to assess the NLR levels in patients with
GBS. Our analysis indicates that the NLR levels are highly

Geyik et al. (2016)

Ozdemir et al. (2016)

Hashim et al. (2020)

Overall I-squared = 5.5%

NOTE: Weights are from random effects analysis

–0.35 (–1.07, 0.38)

–0.63 (–1.62, 0.37)

–0.19 (–0.67, 0.28)

0.24 (–1.53, 1.00)

40.72

36.91

22.37

100.00

–1.62 1.620

Study
ID SMD (95% CI) Weight

(%)

Figure 13: Meta-analysis of differences in NLR levels between patients with AMSAN and AMSAN GBS.

0

0.15

0.1

0.05

0.2

0.25

0 0.5 1 1.5

Egger’s test p value = 0.9835

Se
 (S

M
D

)

(a)

0

0.1

0.2

0.3
0 0.5 1 1.5

Egger’s test p value = 0.5245

St
d.

 er
r. 

fo
r h

ed
ge

’s 
g

(b)

Figure 14: Publication bias between studies on (a) differences in NLR levels between GBS cases and controls and (b) differences between
pre- and posttreatment NLR levels in GBS cases.
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elevated in patients with GBS. Therefore, the NLR has the
potential to be used as biomarkers to inform diagnosis, prog-
nosis, or treatment responses in GBS, and future studies are
necessary to validate this hypothesis.
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Intervertebral disc degeneration (IVDD) has been a complex disorder resulted from genetic and environmental risk factors. The
aim of this study was to identify the risk factors associated with IVDD in orthopaedic patients and develop a prediction model for
predicting the risk of IVDD. A total of 309 patients were retrospectively included in the study and randomly divided into the
training group and the validation group. The least absolute shrinkage and selection operator regression (LASSO) and the
univariate logistic regression analysis were used to optimize factors selection for the IVDD risk model. Multivariable logistic
regression analysis was used to establish a predicting nomogram model incorporating the factors. In addition, discrimination,
calibration, and clinical usefulness of the nomogram model were evaluated via the C-index, receiver operating characteristic
(ROC) curve, calibration plot, and decision curve analysis (DCA). Then, based on the results above, the relationship between
IVDD and angiotensin II (AngII) level in peripheral blood was examined prospectively. The predictors of the nomogram
include age, sex, hypertension, diabetes, gout, working posture, and exercising hours per week. The C-index values of the
training and validation groups were 0.916 (95% CI, 0.876-0.956) and 0.949 (95% CI, 0.909-0.989), respectively, which indicated
that the model displayed good discrimination. In addition, the area under the curve (AUC) values of the ROC curve of the
training and the validation group were 0.815 (95% CI, 0.759-0.870) and 0.805 (95% CI, 0.718-0.892), respectively, revealing the
satisfactory discrimination performance of the model. The prospective investigation showed that the average AngII level in the
degenerated group (97:62 ± 44:02 pg/mL) was significantly higher than that in the nondegenerated group (52:91 ± 9:01 pg/mL)
(p < 0:001). This present study explored the risk factors for IVDD and established a prediction model, which would effectively
predict the risk of IVDD. In addition, based on the prediction model, AngII was revealed to be a potentially auxiliary clinical
diagnostic marker for IVDD.

1. Introduction

Low back pain (LBP) is one of the major causes of disability
worldwide, which often leads to bad quality of life. It was
estimated that up to 80% of the individuals experienced
LBP at some point during their entire lifetime [1]. In addi-
tion, it was reported that the lifetime morbidity of neck-
related pain was more than 65% [2]. These conditions above

impose a huge socioeconomic burden on the society [3]. LBP
and neck-related pain are both symptoms resulted from
intervertebral disc degeneration (IVDD). IVDD, an ageing-
related disorder, is one of the most common diseases in clin-
ical practice. IVDD is widely recognized as a contributor to
spinal degenerative diseases, which is characterized by the
loss of nucleus pulposus cells and the degradation of extra-
cellular matrix (ECM).
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It is widely recognized that IVDD is caused by both envi-
ronmental and genetic factors. While genetic factors play a
critical role in IVDD, it cannot be ignored that environmen-
tal factors including living conditions, lifestyle characteris-
tics, and chronic diseases tend to be closely associated with
the risk of disc degeneration [4]. Kuisma et al. reported that
Modic change was closely associated with IVDD [5]. In
addition, IVDD was associated with metabolic diseases such
as diabetes and hyperlipidemia [6, 7]. Our previous study
revealed that the degenerated IVD tissue showed excessively
activated the tissue renin-angiotensin system (tRAS) that
can lead to nucleus pulposus cell (NPC) senescence, apopto-
sis, oxidative stress, and inflammatory reaction [8]. The acti-
vation of renin-angiotensin system (RAS) including both the
systemic RAS and the tRAS has long been considered an
essential part during the development of hypertension [9].
Therefore, we deduced that hypertension may be a potential
risk factor for IVDD. What is more, manual handling and
postures of the trunk were associated with IVDD. Yuya
et al. reported that exercise can attenuate LBP and result in
epigenetic alterations in IVDD [10]. In a cross-sectional
case-control study, Elke et al. revealed that long-term phys-
ical inactivity was significantly associated with IVDD [11].
And it was reported that pain was alleviated and cell prolif-
eration was promoted by running exercise in a rat model of
IVDD [12]. Collectively, it is essential to comprehensively
understand the clinical characteristics of patients with IVDD
to identify the risk factors, which may provide novel insight
into future treatment of IVDD.

Nomograms are graphical statistical models that are
designed to integrate significant risk factors in numerous
diseases and to predict the probability of certain clinical
events [13]. It can integrate multiple risk factors into a reli-
able risk model and visualize the results. Based on potential
risk factors, nomograms are superior to other available deci-
sion aids for more accurately predicting outcomes in various
diseases [14]. Early identification of risk factors for IVDD
can facilitate prevention and early intervention for high-
risk populations, thereby reducing the socioeconomic bur-
den and surgery-related complications. However, there is
only one report on the application of nomogram for the
development of IVDD, and its predictive factors were only

restricted to blood lipid-metabolism-related genes [15]. In
addition, the limited samples in the GEO series can bring
about statistical errors, and the data in their study did not
contain necessary clinical information of patients. These
aspects decreased the predictive power of the model. Taken
together, it is imperative to establish a reliable risk prediction
model for IVDD. In this study, orthopaedic patients were
selected as a specific population to assess the risk factors
and to develop a predictive nomogram model of IVDD.
The present study is aimed at establishing a valid and simple
predictive model to assess the risk of IVDD via assessing
controllable environmental factors.

2. Methods

2.1. Patients and Data Collection. The clinical and imaging
data of patients were derived from Shanghai Changzheng
Hospital from January 2019 to September 2020. The study
was approved by the Ethics Committee of the Shanghai
Changzheng Hospital (approval No. CZ20181113). The
inclusion criteria include (a) patients with complete medical
records; (b) patients with complete imaging data including
x-rays, computed tomography (CT), and magnetic reso-
nance imaging (MRI) of the lumbar spine; and (c) patients
over 18 years of age. The exclusion criteria include (a)
patients who underwent spine surgery before the admission
and (b) patients lack of contacting details. According to the
criteria, a total of 309 participants were finally enrolled. Data
of patients were collected, which included age, sex, smoking,
drinking, BMI, hypertension, diabetes, hyperlipidemia, gout,
marital status, working posture, exercising hours per week,
education level, Modic changes, osteophytes, Ca2+, hemoglo-
bin, the history of lumbar puncture, and lumbar Pfirrmann
grades.

2.2. Assessment of Intervertebral Disc Degeneration. The
Pfirrmann grade system was used to evaluate the degree of
disc degeneration on the T2-weighted MRI (Figure 1).
Details of the Pfirrmann grading system can be found in
Reference [16]. Pfirrmann grades I and II were taken as non-
degenerative discs, whereas grades III, IV, and V were con-
sidered degenerative discs [16]. Based on the Pfirrmann
grading system, patients were classified into group N (non-
degenerative discs in lumbar) and group D (degenerative
discs in lumbar). Two spine surgeons independently evalu-
ated the grades of IVD. If there is disagreement between
the two surgeons, it would be discussed and the results were
ultimately confirmed by the corresponding author.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA). The
samples of peripheral blood from 108 patients with IVDD
and of 92 individuals without IVDD were collected between
November 2020 and March 2022. The informed consent was
signed by the patients. The inclusion criteria of patients with
IVDD are as follows: (1) patients with Pfirrmann grades III,
IV, and V in the lumbar and cervical spine; (2) patients
without hypertension; (3) patients with abnormal motor
and sensory function of the upper or lower limbs; (4)
patients who agreed to participate in the study; and (5)

I II

III IV V

I II

Figure 1: The degree of IVDD is evaluated by the Pfirrmann grade
system. The discs with Pfirrmann grades I or II are nondegenerative
discs, and the discs with grades III, IV, and V are taken as
degenerative discs.
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patients without neuroendocrine dysfunction or adrenal dis-
orders. The inclusion criteria of individuals without IVDD
are as follows: (1) individuals without Pfirrmann grades III,
IV, and V in the lumbar and cervical spine; (2) individuals
without hypertension; and (3) individuals who volunteered
to participate in the study. The level of AngII in human
peripheral blood was measured using the human Ang-II
ELISA Kit (Westang, Shanghai, F00070) according to the
manufacturer’s instruction.

2.4. Statistical Analysis. The demographic and clinical char-
acteristic data in this study were expressed as frequency and
percentage. Continuous numeric variables were presented as
the mean ± SD. Categorical variables were compared by the
χ2 test or Fisher’s exact test. Statistical analysis was carried
out with the R software (version R-3.4.3) and SPSS (version
25.0). The data were randomized to the training set and the
validation set at the ratio of 7 : 3. The training group was
applied to establish the prediction model, and the validation
group was used to validate the model. The least absolute
shrinkage and selection operator (LASSO) method was used
to optimize the features used for multivariate logistic regres-
sion analysis. In the LASSO model, variables with nonzero
coefficients were selected [17]. Univariate logistic analysis
was performed for all the involved independent variables.
To avoid missing important factors, we included parameters
with p < 0:1 into the multivariate analysis [18]. The features

Table 1: Characteristics of participants in the training group and
the validation group.

Variables
No. (%)

χ2 p
value

Training group
(217)

Validation
group (92)

IVDD

No 125 (57.60) 52 (56.52) 0.031 0.86

Yes 92 (42.40) 40 (43.48)

Age, year

≤30 71 (32.72) 27 (29.35) 2.184 0.336

>30 and
≤60 82 (37.79) 30 (32.61)

>60 64 (29.49) 35 (38.04)

Sex

Male 115 (53.00) 42 (45.65) 1.394 0.238

Female 102 (47.00) 50 (54.35)

Smoking

No 117 (53.92) 51 (55.43) 0.060 0.807

Yes 100 (46.08) 41 (44.57)

Drinking

No 122 (56.22) 49 (53.26) 0.229 0.632

Yes 95 (43.78) 43 (46.74)

BMI

<18.5 36 (16.59) 13 (14.13) 5.985 0.112

≥18.5
and<24 63 (29.03) 35 (38.04)

≥24 and
<28 75 (34.56) 35 (38.04)

≥28 43 (19.82) 9 (9.78)

Hypertension

No 148 (68.20) 70 (76.09) 3.712 0.294

Mild 24 (11.06) 5 (5.43)

Moderate 18 (8.29) 9 (9.78)

Severe 27 (12.44) 8 (8.70)

Diabetes

No 162 (74.65) 62 (67.39) 1.709 0.191

Yes 55 (25.35) 30 (32.61)

Gout

No 172 (79.26) 74 (80.43) 0.055 0.815

Yes 45 (20.74) 18 (19.57)

Marital status

No 111 (51.15) 46 (50.00) 0.034 0.853

Yes 106 (48.85) 46 (50.00)

Working posture

Immobilized
138 (63.59) 62 (67.39) 0.408 0.523

Mobilized 79 (36.41) 30 (32.61)

Exercising hours/week

≤0.5 55 (25.35) 24 (26.09) 0.897 0.826

58 (26.73) 20 (21.74)

>1.5 and ≤3 49 (22.58) 23 (25.00)

>3 55 (25.35) 25 (27.17)

Table 1: Continued.

Variables
No. (%)

χ2 p
value

Training group
(217)

Validation
group (92)

Education level

High school 82 (37.79) 31 (33.70) 1.606 0.448

Bachelor
degree

99 (45.62) 49 (53.26)

Graduate
degree

36 (16.59) 12 (13.04)

Modic changes

No 153 (70.51) 66 (71.74) 0.048 0.827

Yes 64 (29.49) 26 (28.26)

Osteophytes

No 152 (70.05) 63 (68.48) 0.075 0.784

Yes 65 (29.95) 29 (31.52)

Ca2+

Normal 153 (70.51) 67 (72.83) 0.269 0.874

Low 36 (16.59) 15 (16.30)

High 28 (12.9) 10 (10.87)

Hb

Normal 171 (78.80) 69 (75.00) 3.288 0.193

Low 33 (15.21) 12 (13.04)

High 13 (5.99) 11 (11.96)

Lumbar puncture

No 166 (76.50) 71 (77.17) 0.017 0.898

Yes 51 (23.50) 21 (22.83)
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selected through the univariate logistic analysis and the
LASSO were applied for the multivariate logistic analysis.
The independent risk factors of IVDD, which were deter-
mined by the multivariate logistic regression analysis, were
included to develop a prediction model for IVDD. The
nomogram was utilized to visualize the model.

Based on the prediction model, the performance of the
nomogram model was assessed in both the training and val-
idation groups. The area under the curve (AUC) of the
receiver operating characteristic (ROC) curve and the Har-
rell’s C-index were applied to assess prediction power of
the model. An AUC of 0.5 implicated no prediction perfor-
mance; anAUCvalue ≤ 0:7 indicates poor predictive perfor-
mance; anAUC value greater than 0.7 but lower than 0.9
indicates moderate predictive performance; and anAUC
value greater than 0.9 indicates excellent predictive perfor-
mance. The C-index value of 0.5 suggests that the model is
almost random chance in predicting the risk, whereas a
value of 1.0 indicates perfect discrimination. The calibration
process examines whether the predicted risks and the
observed risks are consistent. To assess the clinical utility
of the model, decision curve analysis (DCA) was used to
evaluate the benefit. p < 0:05 was regarded statistically
significant.

3. Result

3.1. Demographic and Clinical Characteristics. Details of the
patients are shown in Table 1. A total of 309 participants
were included. They were randomly divided into the training
group (n = 217) and the validation group (n = 92). The train-
ing group was used to establish the nomogram for predicting
the risk of IVDD. The validation group was used for

Table 2: Univariate logistic regression analysis of the training set.

Variables
IVDD
(n = 92)

Non-IVDD
(n = 125) χ2/Z P

value

Age (year)

≤30 20 (21.74) 51 (40.80) -3.548 <0.001
>30 and ≤60 37 (40.22) 45 (36.00) 2.147 0.032

>60 35 (38.04) 29 (23.20) 3.086 0.002

Sex

Male 49 (53.26) 66 (52.80) -1.579 0.114

Female 43 (46.74) 59 (47.20) -0.067 0.946

Smoking

No 44 (47.83) 61 (48.80) -1.931 0.054

Yes 48 (52.17) 64 (51.20) 0.442 0.659

Drinking

No 52 (56.52) 60 (48.00) -1.265 0.206

Yes 40 (43.48) 65 (52.00) -0.630 0.529

BMI

<18.5 17 (18.48) 19 (15.20) -0.333 0.739

≥18.5 and
<24 23 (25.00) 40 (32.00) -1.042 0.297

≥24 and <28 33 (35.87) 42 (33.60) -0.319 0.749

≥28 19 (20.65) 24 (19.20) -0.270 0.787

Hypertension

No 48 (52.17) 100 (80.00) -4.18 <0.001
Mild 9 (9.78) 15 (12.00) 0.489 0.625

Moderate 12 (13.04) 6 (4.80) 2.693 0.007

Severe 23 (25.00) 4 (3.20) 4.360 <0.001
Diabetes

No 55 (59.78) 107 (85.60) -4.011 <0.001
Yes 37 (40.22) 18 (14.40) 4.177 <0.001

Gout

No 71 (77.17) 101 (80.80) -2.276 0.023

Yes 21 (22.83) 24 (19.20) 0.650 0.515

Marital status

No 47 (51.09) 64 (51.20) -1.607 0.108

Yes 45 (48.91) 61 (48.80) 0.016 0.987

Working
posture

Immobilized 75 (81.52) 63 (50.40) 1.020 0.308

Mobilized 17 (18.48) 62 (49.60) -4.549 <0.001
Exercising hours/week

≤0.5 42 (45.65) 13 (10.40) 3.695 <0.001
>0.5 and

≤1.5 36 (39.13) 22 (17.60) -1.631 0.103

>1.5 and ≤3 9 (9.78) 40 (32.00) -5.475 <0.001
>3 5 (5.43) 50 (40.00) -6.137 <0.001

Education level

High school 31 (33.7) 51 (40.80) -2.186 0.029

Bachelor
degree

46 (50.00) 53 (42.40) 1.171 0.242

Graduate
degree

15 (16.30) 21 (16.80) 0.396 0.692

Table 2: Continued.

Variables
IVDD
(n = 92)

Non-IVDD
(n = 125) χ2/Z P

value

Modic changes

No 67 (72.83) 86 (68.80) -1.532 0.126

Yes 25 (27.17) 39 (31.20) -0.642 0.521

Osteophytes

No 64 (69.57) 88 (70.40) -1.938 0.053

Yes 28 (30.43) 37 (29.60) 0.133 0.895

Ca2+

Normal 64 (69.57) 89 (71.20) -2.012 0.044

Low 14 (15.22) 22 (17.60) -0.322 0.747

High 14 (15.22) 14 (11.20) 0.800 0.424

Hb

Normal 73 (79.35) 98 (78.40) -1.905 0.057

Low 14 (15.22) 19 (15.20) -0.028 0.977

High 5 (5.43) 8 (6.40) -0.297 0.766

Lumbar
puncture

No 75 (81.52) 91 (72.80) -1.240 0.215

Yes 17 (18.48) 34 (27.20) -1.490 0.136
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validation. There were 92 (42.40%) and 40 (43.48%) patients
with IVDD in the training cohort and the validation cohort,
respectively. No significant differences were observed
regarding the basic parameters between the two groups.

3.2. Selection of Independent Variables. IVDD occurred in 92
(42.40%) of the 217 patients in the nomogram development

cohort. Univariate logistics regression and LASSO regression
analysis were used for the selection of potential predictors.
In this present study, parameters with p values less than
0.1 in the univariate logistic analysis were regarded as poten-
tial predictors for the nomogram model, which included age,
smoking, hypertension, diabetes, gout, working posture,
exercising hours per week, education level, osteophytes,
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Figure 2: Results of the LASSO regression analysis. (a) LASSO coefficient profiles of the 18 features. (b) Feature selection in the LASSO.
Dotted vertical lines were drawn at the optimal values.
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Ca2+, and Hb (Table 2). LASSO regression analysis helped
decrease the dimensionality that was associated with the
decreased predictive power and increased the accuracy of
the nomogram model. Variables in the LASSO regression
analysis, which included age, sex, drinking, hypertension,
diabetes, gout, working posture, exercising hours per week,
education level, osteophytes, Ca2+, and lumbar puncture,
were selected as potential predictors (Figure 2). Finally, the
results in both the univariate logistics regression and LASSO
regression analysis were used for multivariable logistic
regression analysis and revealed seven risk factors with p <
0:1, namely, age, sex, hypertension, diabetes, gout, working
posture, and exercising hours per week (Table 3).

3.3. Establishment and Evaluation of Nomogram for
Predicting the Risk of IVDD. The selected seven independent
predictors above were used to establish the predictive nomo-
gram (Figure 3). A comprehensive evaluation of the nomo-
gram was carried out. The AUC of ROC curve of the
nomogram model was 0.815 (95% CI, 0.759-0.870), indicat-
ing that the discrimination performance of the nomogram
model was satisfactory (Figure 4(a)). Meanwhile, the favor-
able discrimination of the nomogram was confirmed by
the C-index (0.916, (95% CI, 0.876-0.956)). In addition, the
calibration plot revealed great agreement of the observed
results and the predicted probability in this study
(Figure 4(b)). To identify the clinical benefit of the predictive
nomogram, the clinical practicability of it was also evaluated
through DCA. The DCA (in a range of risk thresholds 0.01
to 1.00) indicated that the nomogram had a high net benefit
(Figure 4(c)).

3.4. Validation of the Nomogram Prediction Model. The data
of the validation group were utilized to validate the nomo-
gram above. In the validation cohort, the AUC of nomogram
model was 0.805 (95% CI, 0.718-0.892) (Figure 5(a)) and the
C-index of nomogram was 0.949 (95% CI, 0.909-0.989).
Consistently, the calibration plot also indicated a great con-
sistency with the results (Figure 5(b)). Furthermore, the
DCA results demonstrated that when the nomogram was
used to assess the validation set, the model also showed good
net benefit (Figure 5(c)).

3.5. Exploring the Relationship between the Severity of IVDD
and the AngII Level. The AngII plays a pivotal role in the
RAS. Aberrant activation of the RAS system can increase
the level of AngII in the peripheral blood, which may enter
the degenerated discs after vascular ingrowth. Based on the
above results indicating the close relationship between

Table 3: Multivariable logistic regression analysis of the training
group.

Intercept and variable Prediction model

β OR (95% CI) p value

Intercept -0.157 0.855 (0.201-3.555) 0.829

Age

≤30
>30 and ≤60 0.876 2.402 (0.878-6.843) 0.092

>60 1.029 2.798 (0.953-8.656) 0.065

Sex

Male

Female 0.873 2.394 (0.971-6.231) 0.064

Smoking

No

Yes -0.276 0.759 (0.296-1.887) 0.556

Drinking

No

Yes -0.448 0.639 (0.243-1.627) 0.351

Hypertension

No

Mild 1.111 3.038 (0.772-12.407) 0.113

Moderate 1.842 6.309 (1.466-32.023) 0.018

Severe 3.587 36.113 (5.765-346.302) <0.001
Diabetes

No

Yes 1.085 2.960 (1.045-8.918) 0.046

Gout

No

Yes 0.924 2.520 (0.902-7.395) 0.083

Working posture

Immobilized

Mobilized -1.553 0.212 (0.080-0.517) <0.001
Exercising hours/week

≤0.5
>0.5 and ≤1.5 -0.742 0.476 (0.160-1.354) 0.170

>1.5 and ≤3 -3.263 0.038 (0.009-0.134) <0.001
>3 -4.305 0.013 (0.002-0.058) <0.001

Education level

High school

Bachelor degree 0.434 1.543 (0.565-4.315) 0.399

Graduate degree 0.184 1.201 (0.394-3.669) 0.745

Osteophytes

No

Yes -0.513 0.598 (0.229-1.517) 0.284

Ca2+

Normal

Low -0.032 0.968 (0.275-3.354) 0.959

High 0.715 2.044 (0.596-7.368) 0.260

Hb

Normal

Table 3: Continued.

Intercept and variable Prediction model

Low -0.084 0.919 (0.290-2.816) 0.884

High -0.340 0.711 (0.108-4.291) 0.713

Lumbar puncture

No

Yes -0.078 0.925 (0.332-2.567) 0.880
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IVDD and hypertension, we wonder whether IVDD and
AngII are independently related. Our previous study found
that AngII can lead to the dysfunction of nucleus pulposus
cells. To explore whether AngII is an independent risk factor
for IVDD, the peripheral blood samples of 108 patients with
IVDD and of 92 university students without IVDD were col-
lected (Figure 6(a)). Characteristics of the participants (108
patients and 92 students) were summarized in table 4.
Despite significant difference in the age, no significant differ-
ence was observed in any other parameters. And the AngII
levels in the peripheral blood of patients with various Pfirr-
mann grades were detected through ELISA. The results
revealed that the average level of AngII in the nondegener-
ated group was 52:91 ± 9:01pg/mL, whereas the average
AngII level in the degenerated group (97:62 ± 44:02 pg/mL)
was significantly higher (p < 0:001) (Figure 6(b)). In addi-
tion, we explored the relationship between the severity of
IVDD and the AngII level. The results of Pearson’s correla-
tion revealed that the severity of IVDD was closely associ-
ated with the AngII level. The severity of IVDD was
correlated with AngII level (Pearson’s R2 = 0:4478, p <
0:001) (Figure 6(c)). Additionally, the AUC of the ROC
curve was 0.9172 (p < 0:001), indicating that the AngII level
in the peripheral blood was an excellent predictor of IVDD
(Figure 6(d)). The above results revealed that the AngII level
was closely associated with the severity of IVDD, indicating
that the AngII in the peripheral blood could be applied as
the auxiliary diagnostic index of IVDD.

4. Discussion

Although there are complex and multifactorial causes for the
development of LBP, it is widely accepted that IVDD is the
major contributor to LBP [19]. IVDD can be affected by
both genetic and environmental factors. However, environ-
mental factors, such as lifestyles and dietary habits that are
closely relevant to metabolic diseases and systemic diseases,
can be consciously controlled and modified to improve
human’s health. Adverse lifestyle-related factors including
high BMI, lack of physical activity and smoking can lead to
or aggregate IVDD [20]. In addition, previous studies
reported that metabolic diseases such as diabetes and obesity
were associated with the development of IVDD [6]. In addi-
tion, metabolic disease is a kind of systemic disease that can
affect many organ systems including intervertebral disc [21].
All these risk factors above should be emphasized in the pre-
vention and control of IVDD.

To prevent and curb the development of IVDD, it is
essential to establish a model to predict the potential risk
factors. Several blood lipid-metabolism-related genes were
previously selected as candidate predictive biomarkers for
IVDD [15]. However, a comprehensive and useful predictive
model for IVDD is still lacking. In this present study, based
on potential risk factors, a predictive nomogram for IVDD
was established. A total of 309 patients were included in this
study, and seven independent predictors including age, sex,
hypertension, diabetes, gout, working posture, and
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Figure 3: The IVDD nomogram. The predicting nomogram was developed with factors including age, sex, hypertension, diabetes, gout,
working posture, and exercising hours per week.
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exercising hours per week were selected to construct the pre-
dictive nomogram. The AUC of the model was 0.815 (95%
CI, 0.759-0.870), which indicated good discrimination abil-
ity. Hypertension and the weight of exercising hours per
week were the highest power factors shown in the nomo-
gram, followed by working posture, diabetes, gout, age, and
sex.

Hypertension is one of the major chronic metabolic dis-
eases. It has long been known that the renin-angiotensin sys-
tem (RAS) is essential in the development of hypertension
[22]. In addition, local tissue RAS (tRAS) was observed in
many tissues such as the brain, kidney, pancreas, and adi-
pose tissue [23]. Local tRAS is not only associated with
hypertension but also relevant to degeneration- or
inflammation-related diseases in many tissues. Our previous
study revealed that the activation of tRAS in the nucleus pul-
pous tissues was significantly associated with the develop-
ment of IVDD [8]. In addition, we revealed that AngII
could induce the degeneration and fibrosis of NPCs [8]. To
verify the role of AngII in the development of IVDD, the
spontaneously hypertensive rat (SHR) was used in our previ-
ous study [8]. The results revealed that the local tRAS was

also activated in SHR nucleus pulposus tissue, accompanied
by higher level of angiotensin-converting enzyme (ACE). In
addition, the results of immunofluorescence demonstrated
higher level of MMP 3 and lower level of collagen type II
in SHR nucleus pulposus tissue. The above findings in previ-
ous studies indicated that hypertension may correlate with
IVDD. Consistently, the nomogram of this present study
indicated that individuals with hypertension tend to have
greater points and the higher the blood pressure is, the
higher the points for predicting IVDD. Alternatively, previ-
ous studies reported that patients with osteoarthritis, a sim-
ilar disease to IVDD, tend to have relatively higher risk of
cardiovascular diseases including hypertension than those
without osteoarthritis [24]. In a meta-analysis, Lo et al. also
pointed that hypertension resulted in a 62% increase in knee
osteoarthritis [25]. In addition, the results of the meta-
analysis revealed that hypertension is a harmful factor rather
than protective factor in the development of osteoarthritis
[25]. Interestingly, a growing number of researches revealed
a close relationship between metabolic diseases and osteoar-
thritis [26, 27]. Because of physiological similarities between
the articular cartilage and the intervertebral disc cartilage
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Figure 4: The ROC curve, calibration curve. and DCA curve of the training group. (a) The ROC curve of the nomogram model. (b) The
calibration curve of the training group. (c) The decision curve of the training group.
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[28], it may be plausible to assume that hypertension is one
of the risk factors for IVDD Consistently, this present study
indicated that the p value of both diabetes and hypertension
was less than 0.05 in the multivariate logistic regression
analysis, indicating that diabetes was another potential risk
factor of IVDD. Zheng et al. reported that in the condition
of diabetes, human islet amyloid polypeptide (hIAPP) oligo-
mers can promote the expression of IL-1β that is responsible
for intervertebral disc degeneration [29]. Besides, Russo et al.
reported that diabetes can lead to IVDD through promoting
ECM degradation and cell apoptosis. The results of our
study are consistent with previously reported findings.
Although both hypertension and diabetes are systemic met-
abolic diseases, the results in the present study showed that
patients with moderate or severe hypertension were at rela-
tively higher risk of IVDD than patients with diabetes. More
studies are still required to validate the exact effects of met-
abolic diseases on IVDD.

AngII is the major mediator to hypertension [30]. A pre-
vious study reported that AngII can result in a series of path-
ological changes including oxidative stress, inflammation,

and fibrosis [31]. Therefore, we want to explore whether
AngII is an independent risk factor for IVDD. The periph-
eral blood samples of participants with or without IVDD
but not hypertension were collected. Our prospective explo-
ration results revealed that the mean AngII level in the
peripheral blood of patients with IVDD was remarkably
higher than that of individuals without IVDD. Pearson’s
correlation analysis indicated a remarkable correlation
between AngII level and the severity of IVDD. And the
AUC of the ROC curve was 0.9172, indicating that AngII
level showed a good predictive power for IVDD. In the pro-
spective exploration, nonhypertensive patients were
included for two main purposes: first is to rule out medica-
tion effect; second is to seek out hypertension-independent
risk factors. The results of the study suggested that AngII
may be developed to be a potential predictive factor for
IVDD.

Physical activity plays an important role in maintaining
human’s body health. Liu et al. reported that exercises can
increase endurance and muscle strength [32]. The muscles
can provide support to the spine, which can be strengthened
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Figure 5: The ROC curve, calibration curve, and DCA curve of the validation group. (a) The ROC curve of the validation group. (b) The
calibration curve of the validation group. (c) The decision curve of the validation group.
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through exercises. However, lack of exercises can result in
poor physical condition with decreased muscle strength.
Iki et al. reported that regular exercise is beneficial for bone
health [33]. In their study, patients with poor trunk muscle

strength and lack of exercise showed greater risk for bone
loss. In contrast, participants who have regular exercises
tend to be at relatively lower risk of osteoporosis. It is widely
accepted that the decreased bone mineral density can nega-
tively affect the biomechanics of the spinal column, which
subsequently induce the damage to the nucleus pulposus
and annulus fibrosus [34]. In this present study, the exercis-
ing hours per week was graded into four categories: ≤0.5
hours, >0.5 and ≤1.5 hours, >1.5 and ≤3 hours, and >3
hours. The results uncovered that individuals who spent less
time in exercises tended to have higher points in the nomo-
gram and people with more than 3 hours of exercises every
week had the least points, indicating that regular exercises
can help lower the risk of IVDD. This may be because exer-
cise can promote blood circulation to the intervertebral disc
and strengthen the endurance and flexibility of the spinal
muscle that helps maintain the spine stability and protect
against IVDD. As for the immobilized working posture,
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Figure 6: The relationship between the severity of IVDD and the AngII level in the peripheral blood. (a) The MRI results of non-
degenerated patients and degenerated patients. (b) The level of AngII in peripheral blood of patients in the two groups. (c) Correlation
analysis between AngII level in peripheral blood and the severity of IVDD. (d) The ROC curve analysis was used to test the ability of the
AngII level to predict the risk of IVDD.

Table 4: Characteristics of the participants involved in exploring
the relationship between IVDD and AngII.

Variables
IVDD

(n = 108)
Non-IVDD
(n = 92)

T
value

p
value

Age 41:36 ± 13:44 28:97 ± 4:01 8.525 <0.001
Sex, female (%) 55 (50.93) 45 (48.91) 0.081 0.777

Smoking, yes
(%)

52 (48.15) 45 (48.91) 0.012 0.914

Drinking, yes
(%)

49 (45.37) 44 (47.83) 0.120 0.729

BMI 23:43 ± 4:26 23:13 ± 4:29 0.490 0.625
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one of the risk factors in the nomogram, Park et al. reported
that adversely fixed working postures of dentists can cause
musculoskeletal diseases especially in the lower back and
neck [35]. This was in line with our results. As a result, reg-
ular exercises may help delay or attenuate the incidence of
IVDD.

Moreover, other factors in the nomogram, which
included old age, female gender, and gout, were also poten-
tial risk factors of IVDD. IVDD is an ageing-related disease.
With the increase in age, the number of the nucleus pulpo-
sus cells and the content of water and ECM in the interver-
tebral disc will be reduced. This can impair the ability of
intervertebral disc to absorb shock and stress, which might
aggravate the process of IVDD. The results of the nomogram
showed that women had higher risk in the risk evaluation of
IVDD than men. Despite the protective effects of estrogen
on musculoskeletal structures such as IVD [21], the high
morbidity of IVDD in women may be due to pregnancy,
menopause, and relatively weak spinal muscular strength.
Although it was reported that IVDD was relevant to high
BMI [20], the results of the present study showed that BMI
was not statistically significant in univariate logistics regres-
sion analysis and not the strongest predictors in the LASSO
regression analysis. Gout as a metabolic disease was also one
of the potential risk factors in the development of IVDD.
Patients with gout were reported with the accumulation of
urate crystals in the bone joints, kidneys, and subcutaneous
sites [36]. The results of this study revealed that IVDD was
associated with gout. We speculated that this may be because
urate crystal deposits in the IVD and its surrounding struc-
tures such as muscles and ligaments.

Based on the potential risk factors for IVDD, a pre-
diction nomogram model was developed. The accuracy
of the prediction model was assessed by various
methods, and the results showed that this model could
effectively predict the risk of IVDD. In addition, based
on the model, AngII was revealed to be a possible diag-
nostic indicator of the IVDD.

4.1. Limitations. There are also several limitations in the
present study. First and foremost, patients with severe met-
abolic diseases, such as hypertension, tend to be treated with
medication, but the effects of medication on IVDD were not
considered in the study. Further studies about the direct or
indirect effects of medication on the process of IVDD are
still required. Besides, biased results could be caused by a
limited sample size. In addition, cases were collected over a
short period of time and a relatively geographic area. Hence,
a multicenter prospective study with a larger sample size is
required to investigate other factors. What is more, majority
of hypertensive patients require various kinds of RAS antag-
onists to control the blood pressure. But the present study
cannot prove that RAS antagonists can attenuate IVDD or
reduce the frequency of IVDD-related surgeries. Future
research needs to be carried out from the perspective of car-
diology. This can be confirmed through longitudinal, large
sample size, cohort studies. Finally, in this study, 92 individ-
uals without IVDD were relatively younger than those with
IVDD. In a future study, the comparison between age-

matched groups should be performed using a pair-sample t
-test because age is also a potential risk factor for IVDD.
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Objectives. The study was aimed at investigating the reliability of computer-assisted three-dimensional surgical simulation
(CA3DSS) of posterior osteotomies in thoracolumbar kyphosis secondary to ankylosing spondylitis (TLKAS) patients. Methods.
Eligible TLKAS patients who underwent posterior correction surgery with posterior osteotomies were consecutively included.
Simulated posterior osteotomies were performed in Mimics and 3-Matic Medical software. Coronal and sagittal angle and
alignment parameters were measured in preoperative full-length X-ray, preoperative original 3D spine (Pre-OS), simulated 3D
spine (SS), and postoperative original 3D spine (Post-OS). Reliability was tested by both intraclass correlation coefficients
(ICCs) and Bland-Altman analysis. Results. A total of 30 TLKAS patients were included. Excellent consistency of radiological
parameters was shown between preoperative X-ray and Pre-OS model. In SS and Post-OS models, excellent reliabilities were
shown in global kyphosis (ICC 0.832, 95% CI 0.677-0.916), thoracic kyphosis (ICC 0.773, 95% CI 0.577-0.885), and lumbar
lordosis (ICC 0.896, 95% CI 0.794-0.949) and good reliabilities were exhibited in the main curve (ICC 0.680, 95% CI 0.428-
0.834) and sagittal vertical axis (ICC 0.619, 95% CI 0.338-0.798). ICCs of correction angle achieved by pedicle subtraction
osteotomy (PSO) was 0.754 (95% CI 0.487-0.892), and that of posterior column osteotomies (PCO) was 0.703 (95% CI 0.511-
0.829). Bland-Altman analysis also showed good agreement for both Cobb angle and distance measurements in Pre-OS and SS
models, and good reliabilities were shown in PCO and PSO in real spine and SS models. Conclusions. CA3DSS can provide an
accurate measurement, and it is a reliable and effective method to conduct proper simulation for correction surgery with
posterior osteotomies in TLKAS patients. This trial is registered with Chinese Clinical Trial Registry ChiCTR2100053808.

1. Introduction

Thoracolumbar kyphosis is commonly caused by untreated
ankylosing spondylitis (AS), which is a chronic inflamma-
tory disease involving ankylosis of the sacroiliac joint and
ossification of the spinal ligament and joint [1–3]. Besides
the kyphotic deformity, AS may lead to spinal pseudarthro-
sis on account of trauma, delayed ossification, severe pain,
and neurologic symptoms caused by fibro-osseous tissue
progress around the lesion [4, 5]. Thus, correction surgery

is desired with the aim to restore the normal sagittal balance
and generally performed with posterior osteotomies includ-
ing pedicle subtraction osteotomy (PSO), Smith-Petersen
osteotomy (SPO), and Ponte osteotomy [6, 7].

Both posterior column osteotomies (PCO) and 3-
column osteotomies (3CO) are widely applied in kyphotic
deformity correction and can achieve adequate and satisfy-
ing outcomes in the aspect of radiography and cosmetic [8,
9], nevertheless, the risk of perioperative complications
could not be ignored and might be catastrophic in certain
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circumstance [10, 11]. Therefore, it is essential to make a
meticulous preoperative surgical plan for osteotomy in cor-
rection surgery.

Several studies have reported 2D correction simulation
to predict designed osteotomy plan based on sagittal or cor-
onal X-ray, and the feasibility of 2D simulation in PSO has

Consecutive TLKAS
patients (N = 36)

Eligible patients (N = 30)

Excluded (N = 6):
Incomplete clinical or imaging
data (N = 4)
Kyphosis due to trauma, infection
and tumor (N = 1)
History of spinal surgery (N = 1)

Full-length
X-ray

Pre-OS model SS model

Reliability by ICCs

Post-OS model

Reliability by ICCs and
Bland-Altman analysis

(i)

(ii)

(iii)

Figure 1: The flowchart. TLKAS: thoracolumbar kyphosis secondary to ankylosing spondylitis; Pre-OS: preoperative original 3D spine; SS:
simulated 3D spine; Post-OS: postoperative original 3D spine.

86∘

SVA SVA

138.69

85.23∘

dm

6

5

4

3

2

1

0
0 1 2 3 4

Figure 2: Measurements in Pre-OS. Yellow arrows indicated that planes paralleling to the end plates were used for Cobb angle
measurement.
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been reported [12, 13]. Although 2D simulation provided a
reference about osteotomy location based on X-ray, most
spinal deformities are 3D malformation of the spine. Thus,
it might be more essential to design osteotomy plan with
more anatomical details in 3D view to avoid iatrogenic
injury. Multilevel PCO is an important correction technique
for TLKAS patients, but 2D simulation was scarcely per-
formed in multilevel PCO which may be due to the faint
identification of posterior elements in X-ray.

Recently, researches have confirmed the application of
3D reconstruction technique with Mimics Medical software
in hip trauma, orthopedic oncology, and cervical spine sur-
gery for parameter measurement and 3D printing technol-
ogy [14–16]. 3D simulation better allows the surgeon to
improve the visualization of the patient’s anatomy and per-
form the procedures through virtual omnidirectional feed-
back. The technique could compensate the deficiency of

2D simulation caused by faint identification of posterior ele-
ments [17]. Therefore, we presumed that it is more beneficial
for TLKAS patients to accept 3D simulation, especially for
patients who plan to undergo multilevel PCO. Nevertheless,
the reliability of 3D simulation in posterior osteotomy simu-
lation for TLKAS remains unknown yet. Given the paucity
of the data in this field, we intended to initially explore the
Mimics Medical and related software to provide an accurate,
flexible, and intuitive 3D simulation to make surgical plan
for posterior osteotomies based on CT scan data and aimed
to investigate the reliability of CA3DSS for posterior osteo-
tomies in TLKAS.

2. Materials and Methods

2.1. Patients. Eligible TLKAS patients were consecutively
included in the study from January 2017 to November
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Figure 3: 3D simulation of multilevel PCO. (a) Sagittal view of the 3D spine models. (b) Partial view of PCO simulation. (c) Intra-op
photographs. Yellow arrows indicated osteotomy parts.
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2021. Inclusion criteria were as follows: (1) patients were
diagnosed as AS by laboratory tests, radiological features,
and clinical manifestations guided by the New York criteria
[18] and (2) all the patients received one-stage posterior cor-
rection surgery due to kyphosis with pedicle screw fixation
and posterior osteotomies at thoracolumbar spine by the
same surgeon in the institution. Exclusion criteria were (1)
patients with incomplete clinical or imaging data; (2) AS
patients progressed kyphosis because of trauma, infection,
and tumor; and (3) the patient had a history of spinal sur-
gery. The study was approved by the institutional review
board of our institution.

2.2. 3D Spine Model Reconstruction. Patients’ CT scan data
of the whole spine were collected with Digital Imaging and
Communications in Medicine (DICOM) format (DICOM
format data from Siemens CT machine, SOMATOM Sensa-

tion 16, Siemens AG, Forchheim, Germany). All the tomo-
graphic pictures were imported into Mimics Medical 21.0
(Materialise NV, Leuven, Belgium), and 3D spine model
was established with threshold of 226-3071HU. Further
parameter measurement and surgical planning were calcu-
lated and simulated in 3-Matic Medical 13.0 (Materialise
NV, Leuven, Belgium) after importing the created 3D model.

Patients’ radiological data were collected and analyzed.
The measurement consistency was evaluated between X-
ray and preoperative original 3D spine (Pre-OS) models.
The results of osteotomy simulation by CA3DSS were evalu-
ated by the measurement in simulated 3D spine (SS) and
postoperative original 3D spine (Post-OS) models. The reli-
ability of angle change by different posterior osteotomies was
also assessed. Pre-OS model was the 3D spine model recon-
structed with preoperative CT scan data, and SS model was
the one that Pre-OS model underwent osteotomy
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Figure 4: 3D simulation of PSO. (a) Sagittal view of the 3D spine models. (b) Partial view of PSO simulation. (c) Intra-op photographs and
yellow arrows indicated L3 PSO.
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simulation. Post-OS model was reconstructed 3D spine
model with postoperative CT scan data. The flowchart is
depicted in Figure 1.

2.3. Parameter Measurement. For 2D radiological measure-
ment, preoperative full-length anteroposterior and lateral
spine X-ray were collected. Coronal and sagittal parameters
were documented including global kyphosis (GK), thoracic
kyphosis (TK), lumbar lordosis (LL), sagittal vertical axis

(SVA), and main curve (MC). GK was defined as the largest
Cobb angle in sagittal plane, and MC was defined as the
Cobb angle of the main curve in coronal plane.

For 3D radiological measurement, the mentioned
parameters were documented with measuring tools in 3-
Matic Medical 13.0 in Pre-OS, SS, and Post-OS models. To
maintain an accurate data, the 3D spine model was initially
adjusted to the same position as full-length AP view X-ray
according to the pelvic position in sagittal plane. The Cobb

dm

1 2 3 4 5 6 7 8 9 10 11 dm

6

5

4

3

2

1

0
0

Pre-OS Pre-OSSS SS

(a)

dm

6

5

4

3

2

1

0
0 1 2 3 4 5 6 7 8 9 10 11

Pre-OS Pre-OSSS SS

(b) (c)

Figure 5: 3D simulation of multilevel PCO for TLKAS patient with scoliosis. (a) Coronal view of the 3D spine models. (b) Sagittal view of
the 3D spine models. (c) Intra-op photographs of multilevel PCO and yellow arrows indicated PCO at T12/L1, L1/2, and L2/3.

Table 1: Results of ICCs for measurement in preoperative full-spine X-ray and Pre-OS models.

Parameters X-ray Pre-OS ICC (95% CI)

GK (°) 87:86 ± 13:25 85:36 ± 13:14 0.942 (0.882-0.972)

TK (°) 65:67 ± 11:17 62:7 ± 10:85 0.954 (0.907-0.978)

LL (°) 5:15 ± 11:33 6:64 ± 12:00 0.955 (0.908-0.978)

MC (°) 2.60 (0.75-10.15) 2.55 (0.00-9.00) 0.992 (0.983-0.996)

SVA (cm) 6.95 (5.77-12.73) 7.80 (5.85-12.15) 0.965 (0.928-0.983)

GK: global kyphosis; TK: thoracic kyphosis; LL: lumbar lordosis; MC: main curve; SVA: sagittal vertical axis; Pre-OS: preoperative original 3D spine.
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angle was achieved by angle measurement with two planes
paralleling to upper and lower end plate according to the
end vertebras settled in X-ray. SVA was measured by the
vertical distance from posterior upper margin of S1 to the
vertical plane settled by middle point of C7 (Figure 2).

2.4. Posterior Osteotomy Simulation. Posterior osteotomy
simulation was performed in 3-Matic Medical 13.0 with
cut tool and trim tool in Pre-OS model based on intra-op
pictures and operation records. During the simulation pro-
cess, the operators were blinded to Post-OS model. After
trimming the targeted posterior element, the rotation tool
was used to achieve the wedge closing process. PCO and
PSO simulations were accomplished following the literatures
[7, 8] and surgeon’s experience (Figures 3 and 4). For
patients with coronal curve, coronal correction simulation
was achieved after sagittal procedure (Figure 5). The osteot-
omy angle was assessed in Pre-OS, SS, and Post-OS models
by angle calculation according to the angle change of upper
and lower end plate in targeted vertebras.

Both 2D and 3D radiological measurements were per-
formed by two experienced surgeons, and any discrepancy
was solved by reevaluation and discussion between them.
The reliability of CA3DSS was assessed by global measure-
ment and local measurement. Global measurement included
GK, TK, LL, MC, and SVA. Local measurement included the
angle change of different posterior osteotomies.

2.5. Statistics Analysis. Quantitative data were listed as
means ± SD or as medians with interquartile range when
the data presented a nonnormal distribution. The reliability
of the parameters documented in X-ray, Pre-OS, SS, and
Post-OS models were determined by intraclass correlation
coefficients (ICCs). Reliabilities below 0.40 were considered
as poor, 0.40 to 0.75 were fair to good, and >0.75 were char-
acterized as excellent. All statistical analysis were calculated
by SPSS Statistics 20 (IBM Corp, Armonk, New York,
United States). Bias of the data conforming to normal distri-
bution were analyzed using Bland-Altman analysis to evalu-
ate the agreement between the mentioned corresponding
parameters by GraphPad Prism 6 (GraphPad Software, La
Jolla, CA).

3. Results

After screening 36 patients, a total of 30 eligible TLKAS
patients were finally included in the study. All patients

underwent posterior pedicle screw fixation and posterior
osteotomies for correction. The average age was 40 ± 5:8
years old. One-level PSO osteotomy was performed in 11
patients and two-level PSO osteotomy in 2 patients. Multi-
PCO and hybrid osteotomy (PSO +multi − PCO) were per-
formed in 11 patients and 6 patients, respectively.

3.1. Consistency between 2D and 3D Measurements. For pre-
operative measurement in both full-length X-ray and Pre-
OS, excellent reliabilities were exhibited in GK (ICC 0.942,
95% CI 0.882-0.972), TK (ICC 0.954, 95% CI 0.907-0.978),
LL (ICC 0.955, 95% CI 0.908-0.978), MC (ICC 0.992, 95%
CI 0.983-0.996), and SVA (ICC 0.965, 95% CI 0.928-0.983)
(Table 1).

3.2. Reliability of 3D Simulation by Global Measurement. For
postoperative radiological parameters between Post-OS and
SS models, excellent reliabilities were exhibited in GK (ICC
0.832, 95% CI 0.677-0.916), TK (ICC 0.773, 95% CI 0.577-
0.885), and LL (ICC 0.896, 95% CI 0.794-0.949) and good
reliabilities were shown in MC (ICC 0.680, 95% CI 0.428-
0.834) and SVA (ICC 0.619, 95% CI 0.338-0.798)
(Table 2). Bland-Altman analysis indicated acceptable agree-
ment for GK, TK, LL, and SVA in SS and Post-OS models
(Figure 6).

3.3. Reliability of 3D Simulation by Local Measurement. For
measurement of posterior osteotomies, PCO showed 6:39°
± 1:45° for each level in real spine, and the consistency
was good with an ICC value of 0.703 (95% CI 0.511-
0.829). PSO procedure showed 20:84° ± 5:16° correction in
each vertebra and achieved an excellent reliability (ICC
0.754, 95% CI 0.487-0.892) (Table 3). Bland-Altman analysis
indicated good reliabilities for PCO and PSO in real spine
and SS models (Figure 6).

4. Discussion

Approximately 30% of the AS patients will develop into
thoracolumbar kyphosis [1]. Generally, the surgical target
is to restore sagittal balance from flexed trunk with posterior
osteotomies including PSO and PCO. Posterior osteotomies
have been widely used in spinal deformity correction surgery
and can provide an adequate correction and clinical out-
comes especially for patients with kyphotic deformity [5–7,
19]. Whereas complications associated with posterior osteo-
tomies should not be ignored, literatures have disclosed that
the total complication rates were 43% and 28% for SPO and

Table 2: Results of ICCs and Bland-Altman analysis for radiological measurement in Post-OS and SS models.

Parameters Post-OS SS
ICC analysis Bland-Altman analysis
ICC (95% CI) Mean bias LOA (95% CI)

GK (°) 60:03 ± 8:02 56:63 ± 8:83 0.832 (0.677-0.916) 3.400 -6.183-12.98

TK (°) 49:70 ± 5:55 45:47 ± 5:27 0.773 (0.577-0.885) 4.233 -3.256-11.72

LL (°) 25:39 ± 10:05 27:73 ± 9:12 0.896 (0.794-0.949) -0.2330 -15.12-10.46

MC 0.00 (0.50-1.25) 0 (0.00-0.00) 0.680 (0.428-0.834) — —

SVA (cm) 4.10 (3.05-6.72) 3.85 (2.10-5.58) 0.619 (0.338-0.798) 0.727 -2.902-4.356

MC and SVA were exhibited as medians with interquartile range. SS: simulated 3D spine; Post-OS: postoperative original 3D spine.
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Figure 6: Bland-Altman analysis of radiological parameters. Red dashed lines indicated the mean difference with the corresponding 95% CI,
and black dashed lines indicated the limits of agreement with the corresponding 95% CI.

Table 3: Results of ICCs and Bland-Altman analysis for the angle changes in real and simulated osteotomies.

Type of osteotomy Real spine Simulation
ICC analysis Bland-Altman analysis
ICC (95% CI) Mean bias LOA (95% CI)

PCO (°, n = 42) 6:39 ± 1:45 7:45 ± 1:33 0.703 (0.511-0.829) -1.062 -3.167-1.043

PSO (°, n = 21) 20:84 ± 5:16 21:90 ± 4:17 0.754 (0.487-0.892) -1.052 -7.499-5.394

PCO: posterior column osteotomy; PSO: pedicle subtraction osteotomy.
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PSO, respectively, and the rates of neurological deficits were
6% for SPO and 5% for PSO [20]. To ensure patients to
achieve an accurate, safe, and sufficient correction,
computer-assisted surgical planning has been widely used
in the application of preoperative osteotomy planning for
AS patients [13, 21, 22]. Zhang et al. [21] have reported
the application of Surgimap software in two-level PSO in
kyphosis after AS and considered it was a feasible, safe,
and effective method for individual treatment. Langella
et al. [23] demonstrated the ability of Surgimap in prediction
of proper alignment for sagittal imbalance. Previous studies
have reported single-level posterior osteotomy simulation,
and few have paid attention to multilevel PCO, which would
be difficult with 2D simulation due to faint identification of
posterior elements in X-ray. The simulation based on full-
length X-ray could also bring difficulty in identifying where
or how to perform the osteotomy procedure in detail [13,
24]. In addition, spinal deformities are 3D malformation of
the spine, and in clinical work, we found that both sagittal
imbalance and coronal imbalance could impact AS patients.
2D simulation could not show coronal and sagittal views in
the same time. Hence, a real 3D and simulation is
demanded.

In the present study, we have explored the reliability of
Mimics and related software in TLKAS. The results showed
proper predictive abilities in both angle and alignment. Con-
sidering the stiffness of spinal change in AS, we thought
there might be no much difference in standing and supine
radiographs, compared to a deviation of 8.8° magnitude in
idiopathic scoliosis [25]. On the comparison of measure-
ment, we noticed that there was a 1-3° magnitude between
X-ray and 3D spine in Cobb angle, which just verified our
mentioned assumption. And this also verified the feasibility
of angle and alignment measurements in 3D spine model.
The results also demonstrated an excellent consistency
between SS and Post-OS models in sagittal parameters.
The coronal parameter of MC showed slightly lower ICC
value, but it was still in the reliable reference. Due to the
abnormal distribution of the data, we did not perform
Bland-Altman analysis of MC. Most of the simulated osteo-
tomies were performed firstly in the sagittal plane, and then,
coronal closing process would be performed which would
affect the accuracy of coronal parameters, which might cause
the lower ICC value of MC. In the cohort, the results of SS
model showed 2°-4° deviation of GK compared to Post-OS,
and we thought that the deviation occurred in osteotomy
closing process. In PSO procedure, a 25°-35° correction of
lordosis would be achieved though vertebral body wedge
shorten after posterior element removal [8, 26, 27]. In the
present study, we demonstrated a 20.8° correction for PSO
procedure, and ICCs showed good agreement in SS model
as 21.9°. For PCO procedure, literatures demonstrated a 5°-
10° correction achieved with posterior element resection
and gap closings, and multilevel PCO could acquire out-
standing and safe outcomes [3, 7, 28, 29]. The efficacy of
PCO in our study showed a 6.39° correction in each level
and 7.45° as a result of simulation. The consistency was mar-
ginally worse compared to PSO procedure, and the reason
we thought were as listed. First, PCO theoretically achieved

a 5°-10° angle change while we could not ignore the measure
error for 1°-3° as researches reported [30, 31]. Second, we
found hardly that the closure of posterior elements could
be matched exactly in real closing process, a desired closure
could not be achieved in real although we simulated a rela-
tively matched closure, and this also occurred in PSO simu-
lation. However, a multilevel PCO tended to magnify the
margin, and thus, a marginally worse result was indicated
compared to PSO simulation. Despite the reliability of sim-
ulated PCO was not superior compared to simulated PSO,
both of the simulated osteotomies demonstrated good
predictability.

Computer-assisted virtual surgical planning has been
widely used in 3D measurement and 3D printing technique
[16, 32, 33]. The technique allows the surgeon to visualize
the patient’s anatomy thoroughly. In the present study, we
demonstrated a 3D visual, flexible, and highly consistent
simulation with the software for posterior osteotomies in
TLKAS patients. This technique can provide intuitive refer-
ence and comprehension of posterior osteotomy, and we
believed the technique can bring surgeons anatomy mea-
surement and correction design preoperatively and further
studies may be applied in other spinal deformities.

The limitations of the present study include that it was a
retrospective study and the sample size was small. The sim-
ulation was calculated based on preoperative and postopera-
tive supine position CT data, and SVA bias may exist in
patients with mobilizable hip joint in upright position after
its compensation compared to postoperative stand X-ray.
This limitation exists in all the 2D and 3D simulation soft-
ware, which is hard to overcome at present. So far, we
believed this study can provide a great reference for further
research.

5. Conclusions

The results of radiological measurements with CA3DSS are
almost the same compared to 2D measurement. CA3DSS
is reliable for posterior osteotomy simulation in TLKAS
patients. The application of the technique is effective and
would help surgeons verify the osteotomy location preoper-
atively and evaluate the magnitude for osteotomy procedure.
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Background. Inflammation has been considered to play an important role in the pathogenesis of the thoracic ossification of the
ligamentum flavum (OLF). However, the inflammation-related risk factors of thoracic OLF have not been fully investigated to
date. Methods. A total of 95 patients (48 in the OLF group and 47 in the control group) were included in this retrospective
study to explore the independent risk factors of thoracic OLF. The following demographic and clinical variables were
compared between the two groups: gender, age, body mass index (BMI), coexistence of hypertension or diabetes, and
inflammation-related variables. Multivariate logistic regression analysis was utilized to determine the independent risk factors.
Results. High systemic immune-inflammation index (SII) (≥621) (odds ratio ½OR� = 12:16, 95% confidence interval ½CI� =
2:95 – 50:17, p < 0:01) and BMI (≥25 kg/m2) (OR = 9:17, 95%CI = 3:22 – 26:08, p < 0:01) were independent risk factors of
thoracic OLF. SII (R = 0:38, p < 0:01) and BMI (R = 0:46, p < 0:01) were positively associated with OLF score. Conclusion. High
SII and BMI were the independent risk factors of thoracic OLF. Multicenter prospective studies with a large population should
be conducted in the future to verify our findings.

1. Background

The thoracic ossification of the ligamentum flavum (OLF)
has become the leading cause of thoracic spinal stenosis,
which can compress the spinal cord and lead to thoracic
myelopathy [1, 2]. Patients with OLF-induced thoracic spi-
nal stenosis often ask for help with the complaints of
weakness and the paraesthesia of the lower limbs, paraes-
thesia of the trunk, and loss of bladder or bowel control
[2]. A position for the conservative treatment for thoracic
OLF does not exist because of unsatisfactory results [2].
Posterior laminectomy is the standard treatment for tho-
racic spinal stenosis caused by OLF; however, its surgical
process is challenging and associated with the high risk
of perioperative complications [3, 4]. Therefore, seeking
relevant biomarkers for thoracic OLF is necessary to

improve the mechanistic investigation and therapy of this
disease.

Thoracic OLF has been considered as a multifactorial dis-
ease, and several pathogenic factors, including genetic inher-
itance, metabolic disorders, inflammation, and mechanical
stress, contribute to its onset and development [5–7]. Several
studies have been conducted to identify the risk factors of
thoracic OLF to further explore its underlying mechanisms
[8–12]. Zhang et al. found that age and body mass index
(BMI) were independent risk factors of thoracic OLF [8].
Tang et al. reported that new OLF was associated with high
BMI and that the size progression of OLF was related to high
BMI and smoking [9]. Liang et al. found that large thoracic
kyphosis, lumbar lordosis, and sacral slope were associated
with thoracic OLF; these associations indicated that mechan-
ical stress might contribute to the development of OLF [10].
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Inflammation is another important pathogenic factor of
OLF, and several inflammatory cytokines, such as IL-6
and TNF-α, promote the onset and development of OLF
[11, 12]. However, no inflammation-related risk factor of
OLF has been identified to date.

Systemic inflammatory responses have been demon-
strated to be associated with several nonimmunological
diseases, including cancer [13, 14], intervertebral disc degen-
eration [15], and ectopic ossification [16]. Several clinical
models consisting of leukocytes from the circulatory system
were constructed for the further investigation of the role of
systemic inflammatory responses in diseases and have been
proven to have satisfactory diagnostic or prognostic value
in human diseases [17–20]. Neutrophil-to-lymphocyte
ratio (NLR), platelet-to-lymphocyte ratio (PLR), monocyte-
to-lymphocyte ratio (MLR), and systemic immune-
inflammation index (SII) are the most commonly used
inflammatory biomarkers among existing models and have
been verified to play an unfavorable role in the prognosis of
several human diseases, especially cancers [21–23]. However,
the relationship between inflammatory biomarkers and the
development of OLF has not been investigated until now.

In this study, we compared the demographics and
clinical variables of patients with thoracic OLF with those
of patients without thoracic OLF to determine the
inflammation-related risk factors of OLF.

2. Materials and Methods

2.1. General Information. This study was approved by the
Ethics Committee of Peking University Third Hospital.
Informed consent was not needed given the retrospective
design of this study. Patients receiving posterior laminect-
omy for thoracic OLF from March 2021 to October 2021
at our hospital were included in the OLF group. Inflamma-
tion and abnormal immunity have been demonstrated to
play important roles in the pathogenesis of degenerative
musculoskeletal diseases, such as intervertebral disc degen-
eration and osteoarthritis [24, 25]. Furthermore, patients
with fractures suffer from severe inflammation caused by
their fractures [26, 27]. Therefore, patients receiving her-
niorrhaphy for reducible inguinal or femoral hernia from
March 2020 to March 2021 at our hospital were selected as
the controls in the control group. The following patients
were excluded from this study: (1) patients with trauma,
immune diseases (e.g., ankylosing spondylitis, and rheuma-
toid arthritis), infection, or tumors affecting the spine;
(2) patients with the ossification of the posterior longitudi-
nal ligament or thoracic disc herniation; (3) patients with
incarcerated hernia or strangulated hernia; and (4) patients
lacking the clinical variables of interest. The diagnosis of
thoracic OLF was based on the radiographic findings in
thoracic computerized tomography (Figure 1). Finally, 95
patients (48 in the OLF group and 47 in the control
group) were included in this retrospective study.

2.2. Collection of Demographic and Clinical Variables. The
following variables were collected for each included patient:
gender; age; BMI; coexistence of hypertension or diabetes;

and preoperative peripheral blood cells, including neu-
trophils, platelets, monocytes, and lymphocytes. The
indexes of interest were calculated as follows: NLR =
neutrophil counts/lymphocyte counts, PLR = platelet counts/
lymphocyte counts, MLR =monocyte count/lymphocyte
counts, and SII = platelet counts × neutrophil counts/
lymphocyte counts. The OLF score of patients with thoracic
OLF referred to the sum of segments affected by the ossified
ligamentum flavum as previously reported [28]. The cut-
off values of NLR and SII were set as 2.42 (Figure 2(a))
and 621 (Figure 2(b)), respectively, on the basis of the
ROC curve. The cut-off value of age was set as 60 years
old to distinguish between the young and elderly. The
cut-off value of BMI was set as 25 kg/m2 to distinguish
between overweight patients and patients with normal
weight.

2.3. Statistical Analysis. All analyses in this study were con-
ducted by using the SPSS 22.0 software package (SPSS,
IBM, Chicago, IL, USA). Continuous variables, including
age, BMI, NLR, PLR, MLR, and SII, were compared between
two groups by using the independent samples t-test. Dichot-
omous variables, including gender and the coexistence of
hypertension or diabetes, were compared between two
groups by using the χ2 test. Variables with p < 0:10 in uni-
variate analysis were included in the multivariate logistic
regression analysis for further analysis. Variables with p <
0:05 in multivariate logistic regression analysis were consid-
ered as the independent risk factors of thoracic OLF and
shown in the form of odds ratio (OR) with the correspond-
ing 95% confidence interval (CI). The correlation between
OLF score and BMI or SII was analyzed by using Spearman’s
correlation test. Here, p < 0:05 indicated a statistically signif-
icant result.

3. Results

3.1. General Information. The demographics of the included
patients are listed in Table 1. Ninety-five patients consisting
of 56 males and 39 females were included in this study. The
mean age and BMI of the included patients were 51:78 ±
16:18 years and 25:31 ± 5:48 kg/m2, respectively. Moreover,

Figure 1: Ossified ligamentum flavum (red arrow) in thoracic
spine.
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24 patients had coexisting hypertension or diabetes. The
OLF and control groups comprised 48 and 47 patients,
respectively.

3.2. Univariate Analysis for Potential Risk Factors. As listed
in Table 2, 95 patients (56 males and 39 females) were finally
included in this research. In terms of demographic variables,
the OLF group had a significantly higher age (55.23 years
versus 48.19 years, p = 0:03) and BMI (27.67 versus 22.89,
p < 0:01) than the control group. For inflammation-related
variables, the OLF group had an obviously higher NLR
(2.66 versus 2.16, p < 0:01) and SII (636.14 versus 435.25,
p < 0:01) than the control group. The two groups showed
no significant differences in terms of gender (p = 0:26),

the coexistence of hypertension or diabetes (p = 0:38),
PLR (p = 0:39), or MLR (p = 0:11).

3.3. Multivariate Logistic Regression Analysis for Independent
Risk Factors. Variables with p < 0:10 in univariate analysis
were further included in multivariate logistic regression
analysis to determine the independent risk factors of tho-
racic OLF. As listed in Table 3, high BMI (≥25 kg/m2)
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Figure 2: Determination of cut-off values. (a) NLR. (b) SII.

Table 1: Demographics of included patients.

Variables Patients (n = 95)
Gender (n/%)

Male 56 (59%)

Female 39 (41%)

Age (mean ± SD), (year) 51:78 ± 16:18
BMI (mean ± SD), (kg/m2) 25:31 ± 5:48
Coexistence of hypertension or diabetes (n/%)

No 71 (75%)

Yes 24 (25%)

Groups

OLF patients 48 (51%)

Control patients 47 (49%)

SD: standard deviation; BMI: body mass index.

Table 2: Univariate analysis for potential risk factors of thoracic
OLF.

Variables
OLF group
(n = 48)

Control group
(n = 47) p

Gender 0.26

Male 31/65% 25/53%

Female 17/35% 22/47%

Age (year) 55:23 ± 10:67 48:19 ± 10:82 0.03∗

BMI (kg/m2) 27:67 ± 6:05 22:89 ± 3:47 <0.01∗

Coexistence of hypertension or diabetes 0.38

No 34/70% 37/79%

Yes 14/30% 10/21%

NLR 2:66 ± 0:88 2:16 ± 0:87 <0.01∗

PLR 134:35 ± 46:56 142:45 ± 44:18 0.39

MLR 0:21 ± 0:07 0:24 ± 0:10 0.11

SII 636:14 ± 288:16 435:25 ± 150:12 <0.01∗

OLF: ossification of the ligamentum flavum; BMI: body mass index; NLR:
neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; MLR:
monocyte-to-lymphocyte ratio; SII: systemic immune inflammation index.
∗Variables with p < 0:10 were further included into the multivariate
logistic regression analysis.
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(OR = 9:17, 95%CI = 3:22 – 26:08, p < 0:01) and SII (≥621)
(OR = 12:16, 95%CI = 2:95 – 50:17, p < 0:01) were indepen-
dent risk factors of thoracic OLF. However, age (p = 0:20)
and NLR (p = 0:48) were not significantly related to thoracic
OLF after adjusting for all variables.

Correlation analysis between OLF score and BMI or SII
was performed to determine the relationship of SII and
BMI with OLF further. As shown in Figure 3, BMI
(R = 0:38, p < 0:01) (Figure 3(a)) and SII (R = 0:46, p < 0:01)
(Figure 3(b)) were significantly and positively related to OLF
score.

4. Discussion

OLF has become the leading cause of thoracic spinal stenosis
[1, 2]. Inflammation has been proven to play important roles
in the pathogenesis of OLF, and the development of OLF is
associated with several inflammatory cytokines, such as IL-6
and TNF-α [12, 29]. However, these inflammatory cytokines
are rarely examined in clinical practice. Clinical models
based on peripheral blood cells have been validated to have
good clinical application in human diseases [17, 22, 23]. In
the current study, we discovered that high SII (≥621) and
BMI (≥25 kg/m2) are independent risk factors of OLF. To
the best of our knowledge, we are the first to demonstrate
that high SII (≥621) is an independent risk factor of OLF.

SII was introduced as an indicator of the systemic
inflammatory status in the body and has attracted increasing
attention from researchers [30]. SII can serve as a valuable
index for predicting the clinical outcomes of human dis-
eases, especially cancers [31–33]. High SII is associated with
the poor prognosis of several types of cancer, such as bladder
cancer [31], cervical cancer [34], oral cancer [35], gastric
cancer [36], and breast cancer [36]. In the current study,
for the first time, we found that high SII is an independent
risk factor of OLF and that SII is positively associated with
OLF score. The underlying mechanism of inflammation in
the pathogenesis of OLF has not been fully investigated.
Inflammatory cells have been proven to execute important
functions in ectopic ossification [37–44]. For example,
Herath et al. showed that neutrophils could significantly
promote the osteogenesis of osteoblasts [37] and found that
autologous neutrophils could facilitate new bone formation
in rabbits with calvarial bone defects [38]. Zhang and Wang

reported that in tendons subjected to repetitive mechanical
loading, the increase in PGE2 might induce the ossification
of tendon tissues [39]. They also considered that neutrophils
participated in ectopic ossification because a large propor-
tion of PGE2 originated from neutrophils [40]. Xia et al.
discovered that platelet lysate could improve the osteogenic
capability of bone marrow-derived mesenchymal stem cells
[41]. Karakayali et al. reported that platelet-rich plasma
could promote regenerated bone consolidation and increase
bone mineral density during distraction osteogenesis [42].
Ranganathan et al. found that the development of ectopic
ossification was attenuated in mice deficient in B- and T-
lymphocytes [43]. Kanai and Kakiuchi observed that the
response levels of peripheral lymphocytes to the anti-CD3
monoclonal antibody differed between the continuous-type
and the segmental-type ossification of the posterior longitu-
dinal ligament; this difference indicated that lymphocytes
might play important roles in ectopic ossification [44]. SII is
calculated on the basis of the counts of platelets, neutrophils,
and lymphocytes. Although researchers have attempted
to explore the role of inflammatory cells in osteogenesis
[37–44], how neutrophils, platelets, and lymphocytes pro-
mote the development of OLF remains unclear. Future stud-
ies should further explore the role of neutrophils, platelets,
and lymphocytes in the pathogenesis of OLF.

High BMI (≥25 kg/m2) is another independent risk fac-
tor of OLF. Obesity or overweight is involved in the develop-
ment of several human diseases, including OLF [9, 45–47].
Chang et al. reported that patients with thoracic OLF had
a higher BMI than those without thoracic OLF (p < 0:01)
[45]. Similarly, Endo et al. observed a higher BMI in the
thoracic OLF group than in the control group (p < 0:01)
and detected a significantly positive relationship between
BMI and OLF score [46]. Moreover, Tang et al. reported that
new OLF was usually observed in patients with high BMI;
notably, reduced BMI was observed in patients with OLF
disappearance within the 5-year follow-up (p < 0:01) [9]. In
this study, we also discovered that BMI is associated with
the development of OLF, and the subsequent multivariate
logistic regression analysis revealed that BMI is an indepen-
dent risk factor of OLF. Moreover, we observed a signifi-
cantly positive relationship between BMI and OLF score.
Although numerous studies have identified the unfavorable
role of high BMI in the pathogenesis of OLF, the underlying
mechanism of this role remains unclear. The leptin secreted
by adipose tissue might be a potential reason for the
tendency of patients with high BMI to develop OLF. An
increased level of leptin was observed in patients with OLF,
and leptin could promote ligamentum flavum cells via the
activation of STAT3, JNK, and ERK1/2 [47]. Future studies
should focus on the mechanistic investigation of the role of
high BMI in the pathogenesis of OLF.

Some limitations should be considered when interpret-
ing our findings. First, this study had a retrospective design
and small sample size that might reduce the accuracy of its
results. Second, we selected patients with reducible hernia
as the control individuals. However, patients with reducible
hernia are not same as the healthy population. This situation
might affect the generalizability of our findings. Third,

Table 3: Multivariate analysis for independent risk factors of
thoracic OLF.

Variables OR (95% CI) p

Age (year) (≥60 versus <60) 2.14 (0.67-6.85) 0.20

BMI (kg/m2) (≥25 versus <25) 9.17 (3.22-26.08) <0.01∗

NLR (≥2.42 versus <2.42) 1.58 (0.45-5.58) 0.48

SII (≥621 versus <621) 12.16 (2.95-50.17) <0.01∗

OLF: ossification of the ligamentum flavum; OR: odds ratio; CI: confidence
interval; BMI: body mass index; NLR: neutrophil-to-lymphocyte ratio; PLR:
platelet-to-lymphocyte ratio; MLR: monocyte-to-lymphocyte ratio; SII:
systemic immune inflammation index. ∗Variables with p < 0:05 were
considered as independent risk factors.

4 Mediators of Inflammation



inflammatory cells in peripheral blood are easily influenced
by the external environment, such as bacterial or viral infec-
tions. Fourth, blood samples were collected preoperatively,
and the change in SII during the pathogenesis of OLF was
not confirmed given the retrospective design of this study.
Fifth, some of the included patients were diagnosed with
hypertension or diabetes, which might affect the SII results
[48, 49]. Multicenter prospective studies with strict method-
ologies and large populations should be conducted to further
determine the relationship between SII and OLF and explore
its underlying mechanism.

5. Conclusion

High SII and BMI are independent risk factors of OLF. SII
and BMI are positively associated with OLF score. Inflam-
mation and obesity might contribute to the pathogenesis
of OLF.

Abbreviations

OLF: Ossification of the ligamentum flavum
BMI: Body mass index
NLR: Neutrophil-to-lymphocyte ratio
PLR: Platelet-to-lymphocyte ratio
MLR: Monocyte-to-lymphocyte ratio
SII: Systemic immune-inflammation index.

Data Availability

The original contributions presented in the study are
included in the article, and further inquiries can be directed
to the corresponding author/s.

Ethical Approval

This study has been approved by the Ethics Committee of
Peking University Third Hospital.

Consent

The written informed consent was not necessary for the
retrospective design.

Conflicts of Interest

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Authors’ Contributions

Weishi Li designed and supervised the study. Yongzhao
Zhao, Qian Xiang, and Shuai Jiang extracted and assembled
the data. Yongzhao Zhao and Jialiang Lin analyzed the data.
Yongzhao Zhao and Qian Xiang wrote the manuscript.
All authors read, edited, and approved the manuscript.
Yongzhao Zhao and Qian Xiang contributed equally to
this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant no. 82172480).

20

2.5

5.0

7.5

R = 0.38, p < 0.01

30 40
BMI

O
LF

 sc
or

e

(a)

500 1000 1500 2000
SII

3

6

9

O
LF

 sc
or

e

R = 0.46, p < 0.01

(b)

Figure 3: Spearman correlation analysis. (a) BMI and OLF score. (b) SII and OLF score.

5Mediators of Inflammation



References

[1] G. Chen, T. Fan, X. Yang, C. Sun, D. Fan, and Z. Chen, “The
prevalence and clinical characteristics of thoracic spinal steno-
sis: a systematic review,” European spine journal: official publi-
cation of the European Spine Society, the European Spinal
Deformity Society, and the European Section of the Cervical
Spine Research Society, vol. 29, no. 9, pp. 2164–2172, 2020.

[2] Z. Q. Chen, C. G. Sun, and the Spine Surgery Group of Chinese
Orthopedic Association, “Clinical guideline for treatment of
symptomatic thoracic spinal stenosis,” Orthopaedic Surgery,
vol. 7, no. 3, pp. 208–212, 2015.

[3] C. Sun, Z. Chen, G. Chen et al., “A new "de-tension"-guided
surgical strategy for multilevel ossification of posterior longitu-
dinal ligament in thoracic spine: a prospective observational
study with at least 3-year follow-up,” The spine journal: official
journal of the North American Spine Society, vol. 22, no. 8,
pp. 1388–1398, 2022.

[4] L. Wang, H. Wang, Z. Chen, C. Sun, and W. Li, “Surgical
strategy for non-continuous thoracic spinal stenosis: one- or
two-stage surgery?,” International Orthopaedics, vol. 45,
no. 7, pp. 1871–1880, 2021.

[5] Q. Xiang, Y. Zhao, J. Lin, S. Jiang, andW. Li, “Epigenetic mod-
ifications in spinal ligament aging,” Ageing Research Reviews,
vol. 77, p. 101598, 2022.

[6] D. K. Ahn, S. Lee, S. H. Moon, K. H. Boo, B. K. Chang, and J. I.
Lee, “Ossification of the ligamentum flavum,” Asian spine
journal, vol. 8, no. 1, pp. 89–96, 2014.

[7] Y. Zhao, B. Yuan, L. Cheng et al., “Cyclic tensile stress to rat
thoracolumbar ligamentum flavum inducing the ossification
of ligamentum flavum: an in vivo experimental study,” Spine,
vol. 46, no. 17, pp. 1129–1138, 2021.

[8] H. Zhang, N. Deng, L. Zhang, L. Zhang, and C. Wang, “Clini-
cal risk factors for thoracic ossification of the ligamentum
flavum: a cross-sectional study based on spinal thoracic
three-dimensional computerized tomography,” Risk manage-
ment and healthcare policy, vol. Volume 15, pp. 1065–1072,
2022.

[9] C. Y. K. Tang, K. M. C. Cheung, D. Samartzis, and J. P. Y.
Cheung, “The natural history of ossification of yellow ligament
of the thoracic spine on MRI: a population-based cohort
study,” Global spine journal, vol. 11, no. 3, pp. 321–330, 2021.

[10] H. Liang, G. Liu, S. Lu et al., “Epidemiology of ossification of
the spinal ligaments and associated factors in the Chinese pop-
ulation: a cross-sectional study of 2000 consecutive individ-
uals,” BMC Musculoskeletal Disorders, vol. 20, no. 1, p. 253,
2019.

[11] L. Ren, H. Hu, X. Sun, F. Li, J. J. Zhou, and Y. M. Wang, “The
roles of inflammatory cytokines in the pathogenesis of ossifica-
tion of ligamentum flavum,” American Journal of Transla-
tional Research, vol. 5, no. 6, pp. 582–585, 2013.

[12] C. Zhang, Z. Chen, X. Meng, M. Li, L. Zhang, and
A. Huang, “The involvement and possible mechanism of
pro-inflammatory tumor necrosis factor alpha (TNF-α) in
thoracic ossification of the ligamentum flavum,” Plo S one,
vol. 12, no. 6, article e0178986, 2017.

[13] C. I. Diakos, K. A. Charles, D. C. McMillan, and S. J. Clarke,
“Cancer-related inflammation and treatment effectiveness,”
The Lancet Oncology, vol. 15, no. 11, pp. e493–e503, 2014.

[14] A. Sharabi, M. G. Tsokos, Y. Ding, T. R. Malek, D. Klatzmann,
and G. C. Tsokos, “Regulatory T cells in the treatment of dis-

ease,” Nature Reviews Drug Discovery, vol. 17, no. 11,
pp. 823–844, 2018.

[15] Y. Zhao, Q. Xiang, J. Lin, S. Jiang, and W. Li, “Oxidative stress
in intervertebral disc degeneration: new insights from bioin-
formatic strategies,” Oxidative Medicine and Cellular Longev-
ity, vol. 2022, Article ID 2239770, 27 pages, 2022.

[16] Y. Huang, X. Wang, D. Zhou, W. Zhou, F. Dai, and H. Lin,
“Macrophages in heterotopic ossification: from mechanisms
to therapy,” NPJ Regenerative medicine, vol. 6, no. 1, p. 70,
2021.

[17] S. Chen, L. Zhang, G. Yan et al., “Neutrophil-to-lymphocyte
ratio is a potential prognostic biomarker in patients with ovar-
ian cancer: a meta-analysis,” Bio Med research international,
vol. 2017, article 7943467, 7 pages, 2017.

[18] Y. Zhou, S. Cheng, A. H. Fathy, H. Qian, and Y. Zhao,
“Prognostic value of platelet-to-lymphocyte ratio in pancreatic
cancer: a comprehensive meta-analysis of 17 cohort studies,”
Onco Targets and therapy, vol. Volume 11, pp. 1899–1908,
2018.

[19] G. Eraslan Doganay andM. O. Cirik, “Are neutrophil-lympho-
cyte, platelet-lymphocyte, and monocyte-lymphocyte ratios
prognostic indicators in patients with chronic obstructive pul-
monary disease in intensive care units?,” Cureus, vol. 14, no. 3,
article e23499, 2022.

[20] J. Zhang, X. Lu, S. Wang, and H. Li, “High neutrophil-to-
lymphocyte ratio and platelet-to-lymphocyte ratio are associ-
ated with poor survival in patients with hemodialysis,” BioMed
Research International, vol. 2021, Article ID 9958081, 6 pages,
2021.

[21] Q. Li, X. Ma, Q. Shao et al., “Prognostic impact of multiple
lymphocyte-based inflammatory indices in acute coronary
syndrome patients,” Frontiers in cardiovascular medicine,
vol. 9, p. 811790, 2022.

[22] Y. Gao, W. Guo, S. Cai et al., “Systemic immune-inflammation
index (SII) is useful to predict survival outcomes in patients
with surgically resected esophageal squamous cell carcinoma,”
Journal of Cancer, vol. 10, no. 14, pp. 3188–3196, 2019.

[23] Q. Li, P. Chen, S. Shi et al., “Neutrophil-to-lymphocyte ratio
as an independent inflammatory indicator of poor prognosis
in IgA nephropathy,” International Immunopharmacology,
vol. 87, p. 106811, 2020.

[24] C. Ruiz-Fernández, V. Francisco, J. Pino et al., “Molecular rela-
tionships among obesity, inflammation and intervertebral disc
degeneration: are adipokines the common link,” International
Journal of Molecular Sciences, vol. 20, no. 8, p. 2030, 2019.

[25] H. Zhang, D. Cai, and X. Bai, “Macrophages regulate the pro-
gression of osteoarthritis,”Osteoarthritis and Cartilage, vol. 28,
no. 5, pp. 555–561, 2020.

[26] S. A. Walsh and T. A. Davis, “Key early proinflammatory sig-
naling molecules encapsulated within circulating exosomes
following traumatic injury,” Journal of Inflammation (London,
England), vol. 19, no. 1, p. 6, 2022.

[27] D. Ragipoglu, J. Bülow, K. Hauff et al., “Mast cells drive
systemic inflammation and compromised bone repair after
trauma,” Frontiers in Immunology, vol. 13, p. 883707, 2022.

[28] Y. Kawaguchi, M. Nakano, T. Yasuda, S. Seki, T. Hori, and
T. Kimura, “Ossification of the posterior longitudinal ligament
in not only the cervical spine, but also other spinal regions,”
Spine, vol. 38, no. 23, pp. E1477–E1482, 2013.

[29] B. Wang, Z. Chen, X. Meng, M. Li, X. Yang, and C. Zhang,
“iTRAQ quantitative proteomic study in patients with thoracic

6 Mediators of Inflammation



ossification of the ligamentum flavum,” Biochemical and Bio-
physical Research Communications, vol. 487, no. 4, pp. 834–
839, 2017.

[30] B. Hu, X. R. Yang, Y. Xu et al., “Systemic immune-
inflammation index predicts prognosis of patients after cura-
tive resection for hepatocellular carcinoma,” Clinical Cancer
Research: An Official Journal of the American Association for
Cancer Research, vol. 20, no. 23, pp. 6212–6222, 2014.

[31] J. Li, D. Cao, Y. Huang et al., “The prognostic and clinico-
pathological significance of systemic immune-inflammation
index in bladder cancer,” Frontiers in Immunology, vol. 13,
p. 865643, 2022.

[32] M. B. Vatan, A. C. Çakmak, S. Ağaç, E. Eynel, and
H. Erkan, “The systemic immune-inflammation index pre-
dicts impaired myocardial perfusion and short-term mortal-
ity in ST-segment elevation myocardial infarction patients,”
Angiology, vol. 33197221106886, p. 000331972211068, 2022.

[33] Y. Yilmaz, S. Kelesoglu, D. Elcik, R. Ozmen, and N. Kalay,
“Predictive values of systemic immune-inflammation index
in new-onset atrial fibrillation following coronary artery
bypass grafting,” Brazilian Journal of Cardiovascular Surgery,
2022.

[34] P. Liu, Y. Jiang, X. Zheng, B. Pan, H. Xiang, and M. Zheng,
“Pretreatment systemic immune-inflammation index can pre-
dict response to neoadjuvant chemotherapy in cervical cancer
at stages IB2-IIB,” Pathology oncology research: POR, vol. 28,
p. 1610294, 2022.

[35] K. Kubota, R. Ito, N. Narita et al., “Utility of prognostic nutri-
tional index and systemic immune-inflammation index in oral
cancer treatment,” BMC Cancer, vol. 22, no. 1, p. 368, 2022.

[36] K. He, L. Si, X. Pan et al., “Preoperative systemic immune-
inflammation index (SII) as a superior predictor of long-term
survival outcome in patients with stage I-II gastric cancer after
radical surgery,” Frontiers in Oncology, vol. 12, p. 829689,
2022.

[37] T. D. K. Herath, A. Larbi, S. H. Teoh, C. J. Kirkpatrick, and
B. T. Goh, “Neutrophil-mediated enhancement of angiogene-
sis and osteogenesis in a novel triple cell co-culture model with
endothelial cells and osteoblasts,” Journal of Tissue Engineer-
ing and Regenerative Medicine, vol. 12, no. 2, pp. e1221–
e1236, 2018.

[38] T. D. K. Herath, L. Saigo, B. Schaller et al., “In vivo efficacy of
neutrophil-mediated bone regeneration using a rabbit calvarial
defect model,” International Journal of Molecular Sciences,
vol. 22, no. 23, p. 13016, 2021.

[39] J. Zhang and J. H. Wang, “Production of PGE (2) increases in
tendons subjected to repetitive mechanical loading and
induces differentiation of tendon stem cells into non-teno-
cytes,” Journal of orthopaedic research: official publication of
the Orthopaedic Research Society, vol. 28, no. 2, pp. 198–203,
2010.

[40] H. L. Wright, R. J. Moots, R. C. Bucknall, and S. W. Edwards,
“Neutrophil function in inflammation and inflammatory
diseases,” Rheumatology (Oxford, England), vol. 49, no. 9,
pp. 1618–1631, 2010.

[41] W. Xia, H. Li, Z. Wang et al., “Human platelet lysate supports
ex vivo expansion and enhances osteogenic differentiation of
human bone marrow-derived mesenchymal stem cells,” Cell
Biology International, vol. 35, no. 6, pp. 639–643, 2011.

[42] M. Karakayalı, Y. Alpay, and B. Sarısözen, “Effect of platelet-
rich plasma on bone regenerate consolidation in distraction
osteogenesis: an experimental study in rabbits,” Acta Ortho-

paedica et Traumatologica Turcica, vol. 56, no. 1, pp. 8–13,
2022.

[43] K. Ranganathan, S. Agarwal, D. Cholok et al., “The role of the
adaptive immune system in burn-induced heterotopic ossifica-
tion and mesenchymal cell osteogenic differentiation,” The
Journal of Surgical Research, vol. 206, no. 1, pp. 53–61, 2016.

[44] Y. Kanai and T. Kakiuchi, “Response of peripheral lympho-
cytes from patients with ossification of posterior longitudi-
nal ligament,” Clinical Orthopaedics and Related Research,
vol. 389, no. 389, pp. 79–88, 2001.

[45] S. Y. Chang, Y. Kim, J. Kim et al., “Sagittal alignment in
patients with thoracic myelopathy caused by the ossification
of the ligamentum flavum: a retrospective matched case-
control study,” Spine, vol. 46, no. 5, pp. 300–306, 2021.

[46] T. Endo, Y. Koike, Y. Hisada et al., “Aggravation of ossified
ligamentum flavum lesion is associated with the degree of obe-
sity,” Global Spine Journal, p. 219256822110315, 2021.

[47] D. Fan, Z. Chen, Y. Chen, and Y. Shang, “Mechanistic roles of
leptin in osteogenic stimulation in thoracic ligament flavum
cells,” The Journal of Biological Chemistry, vol. 282, no. 41,
pp. 29958–29966, 2007.

[48] Z. Zhang and Z. Chen, “Higher systemic immune-
inflammation index is associated with higher likelihood of
peripheral arterial disease,” Annals of Vascular Surgery, 2021.

[49] A. Elbeyli, B. E. Kurtul, S. C. Ozcan, and D. Ozarslan Ozcan,
“The diagnostic value of systemic immune-inflammation
index in diabetic macular oedema,” Clinical & Experimental
Optometry, pp. 1–5, 2021.

7Mediators of Inflammation



Research Article
Grape Seed Proanthocyanidins Exert a Neuroprotective Effect by
Regulating Microglial M1/M2 Polarisation in Rats with Spinal
Cord Injury

Wen-zhao Liu ,1,2 Zhan-jun Ma,1,3 Ji-he Kang,1,2 Ai-xin Lin,1,2 Zhao-heng Wang,1,2

Hai-wei Chen ,1,2 Xu-dong Guo,1,2 Xue-gang He,1,2 and Xue-wen Kang 1,2,4

1The Second Clinical Medical College, Lanzhou University, Lanzhou, Gansu 730030, China
2Department of Orthopedics, Lanzhou University Second Hospital, Lanzhou, Gansu 730030, China
3Louvain Drug Research Institute, Advanced Drug Delivery and Biomaterials, Université Catholique de Louvain, UCLouvain,
1200 Brussels, Belgium
4The International Cooperation Base of Gansu Province for the Pain Research in Spinal Disorders, Gansu 730000, China

Correspondence should be addressed to Xue-wen Kang; ery_kangxw@lzu.edu.cn

Received 21 May 2022; Revised 4 July 2022; Accepted 16 July 2022; Published 4 August 2022

Academic Editor: Wenyuan Ding

Copyright © 2022 Wen-zhao Liu 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.

Spinal cord injury (SCI) is a highly disabling disorder for which few effective treatments are available. Grape seed
proanthocyanidins (GSPs) are polyphenolic compounds with various biological activities. In our preliminary experiment, GSP
promoted functional recovery in rats with SCI, but the mechanism remains unclear. Therefore, we explored the protective
effects of GSP on SCI and its possible underlying mechanisms. We found that GSP promoted locomotor recovery, reduced
neuronal apoptosis, increased neuronal preservation, and regulated microglial polarisation in vivo. We also performed in vitro
studies to verify the effects of GSP on neuronal protection and microglial polarisation and their potential mechanisms. We
found that GSP regulated microglial polarisation and inhibited apoptosis in PC12 cells induced by M1-BV2 cells through the
Toll-like receptor 4- (TLR4-) mediated nuclear factor kappa B (NF-κB) and phosphatidylinositol 3-kinase/serine threonine
kinase (PI3K/AKT) signaling pathways. This suggests that GSP regulates microglial polarisation and prevents neuronal
apoptosis, possibly by the TLR4-mediated NF-κB and PI3K/AKT signaling pathways.

1. Introduction

Spinal cord injury (SCI) is a serious neurological disorder
worldwide, with devastating effects [1]. The pathological
processes of SCI can be divided into primary and secondary
injury. Primary injury refers to injury caused by external
forces acting directly on the spinal cord [2, 3], whereas sec-
ondary SCI is progressive and delayed, including inflamma-
tion, ischemia, apoptosis, oedema, and local reactive gliosis
[4, 5]. As the primary injury is irreversible, current treat-
ments mainly focus on the symptoms of secondary injury,
such as serious neuroinflammation [6].

Microglial activation is the key to the pathogenesis of
secondary inflammatory injuries [7, 8]. Activated microglia

are very important for repairing central nervous system
(CNS) injuries [9, 10]. When unstimulated, microglia are
of great significance for monitoring and regulating CNS
homeostasis, neuronal regeneration, and proliferation [11].
Microglia can differentiate into two different phenotypes
(M1/M2) to cope with the interference of various microenvi-
ronments [12]. Overactivation of M1 microglia prevents
neuronal regeneration and leads to neuronal damage [13].
M1 microglia can release proinflammatory factors that can
aggravate injury and hinder cell repair after CNS injury
and disorders. Alternatively, M2 microglia release anti-
inflammatory factors [14–16]. Therefore, inhibition of M1
microglial activation is an effective therapeutic strategy for
SCI. However, researchers have recently found that
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inhibition of M1 polarisation alone does not provide overall
benefits. A more promising approach is to convert overacti-
vated M1 microglia to the M2 phenotype following SCI [17].

Toll-like receptor 4 (TLR4), a transmembrane receptor,
is highly expressed in microglia in the CNS [18, 19]. Stimu-
lation with various ligands, including lipopolysaccharide
(LPS), can activate downstream molecules. LPS can bind to
LPS-binding protein (LBP), which is mainly produced by
the liver. The LPS–LBP complex forms a larger complex
with cluster of differentiation 14 (CD14) and activates the
TLR4/myeloid differentiation factor 2 (MD2) complex, fol-
lowing which the intracellular part of TLR4 can activate its
downstream myeloid differentiation primary reactive pro-
tein 88 (MyD88) and NF-κB and inhibit the PI3K/AKT
pathway via MyD88 recruitment [20]. Activated NF-κB
affects the transcription of proinflammatory cytokines, lead-
ing to neuroapoptosis and neuroinflammation [21–24].
Therefore, a viable therapeutic strategy for treating SCI
involves inhibiting neuroapoptosis and neuroinflammation
by inactivating this signaling pathway.

Proanthocyanidins, which are complex flavonoid poly-
mers (Figure 1), are natural polyphenols found in many
foods and beverages. The most abundant source is grape
(Vitis vinifera) seeds, yielding grape seed proanthocyanidins
(GSP) [25–28]. Proanthocyanidins have anti-inflammatory,
antiapoptotic, antioxidant, and free-radical-scavenging
properties [29–31]. In 2017, a study showed that proantho-
cyanidins had a positive effect on LPS-induced depression-
like behavior [32]. In 2022, GSP was reported to have a
promising role in modulating bisphenol A-induced neuro-
toxicity and neuroinflammation [33]. Nevertheless, whether
GSP regulates microglial polarisation remains unclear.

Our study suggests that GSP promotes microglial M2
polarisation by targeting TLR4, thus promoting the recovery
of locomotor function in rat models of SCI. These findings
indicate a promising therapeutic target for SCI treatment.

2. Materials and Methods

2.1. Materials. GSP with a purity ≥ 95% was obtained from
Solarbio (Beijing, China). LPS was obtained from Sigma-
Aldrich. High-glucose DMEM and fetal bovine serum
(FBS) were obtained from Gibco/BRL (Grand Island, NY,
USA). CCK-8, fluorescein isothiocyanate/propidium iodide
(FITC/PI), and nitric oxide (NO) assay kits were purchased
from Beyotime (Shanghai, China). Antibodies against
CD86 and CD206 were obtained from Santa Cruz Biotech-
nology (Dallas, TX, USA). Antibodies against GFAP, NeuN,
IκBα, Iba1, TLR4, MyD88, p-IκBα, p-NF-κB p65, p-PI3K,
PI3K, p-AKT, NF-κB p65, and AKT were purchased from
Cell Signalling Technology (Danvers, MA, USA). Antibodies
against β-actin, ARG1, BCL-2, inducible nitric oxide syn-
thase (iNOS), BAX, IL-10, TNF-α, and cleaved caspase-3
were purchased from Proteintech Group Inc. (Chicago, IL,
USA).

2.2. Animal Model of SCI and GSP Administration. Sixty
specific pathogen-free adult Sprague-Dawley rats (female,
230 ± 20 g) were obtained from the Animal Experimental

Centre of Lanzhou University. All rats were housed in sepa-
rate cages under controlled housing conditions (23°C ± 2°C,
50% ± 5%humidity, and 12-h light-dark cycle). The animals
were randomly divided into three groups (Figure 2): (1)
sham, (2) SCI, and (3) SCI+40mg/kg GSP (n = 20 per
group). The modified Allen method was adopted to establish
the SCI models [34]. Briefly, rats were anesthetized with
pentobarbital (1%, 40mg/kg). An approximately 2.0 cm
midline incision was made, and the paraspinal muscles over
the area of the vertebral T8–10 level were bluntly dissected.
A T9 vertebral laminectomy was subsequently performed,
and a spinal cord impactor was used to injure the rats using
a 10 g rod falling freely from a height of 10 cm. In the sham
rats, the spinal cord was only exposed without causing SCI.
The injured rats exhibited involuntary hind limb spasms
and apnoea and wriggled tails, indicating that the SCI
models were successful. The rats were voided twice a day.
In addition, the rats in the GSP-treated group were intraper-
itoneally injected with GSP (40mg/kg or 67.34μM/kg) once
a day, and GSP was absorbed through the mesenteric vein.
The remaining rats received the same volume of saline. All
animal care and husbandry procedures were approved by
the Animal Ethics Committee of Lanzhou University Second
Hospital and were performed in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals guidelines.

2.3. Locomotor Recovery Assessment. The Basso, Beattie, and
Bresnahan (BBB) scale was used to evaluate the extent of
locomotor recovery experienced by rats following SCI [35],
with scores in the range of 0-21. A score below 21 indicates
impaired locomotor ability. Footprint analysis was adopted
to evaluate motor coordination by immersing the hindlimb
and forelimb in red and purple dyes, respectively. The results
were obtained as the rats passed through a runway lined
with white paper. The aforementioned tests were performed
by two trained investigators who were blinded to the treat-
ment regimens.

2.4. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labelling (TUNEL) Assay. Cellular apoptosis levels were
determined using a TUNEL assay kit (Beyotime) according
to the manufacturer’s instructions. The cells were processed
as previously described. The number of TUNEL-positive
apoptotic cells was determined by calculating the mean of
three randomly selected fields.

OH OH
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Figure 1: The chemical structure of GSP.
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2.5. Annexin V-FITC/PI Assays. The cells were treated and
centrifuged at 300×g for 5min and subsequently washed
three times with precooled phosphate-buffered saline
(PBS). Following which the cells were centrifuged at
300×g at 4°C for 5min after each wash. PBS was discarded,
and the cells were resuspended in 100μL of binding buffer.
Next, Annexin V-FITC (5μL) and PI (10μL) solutions were
sequentially added, and cells were stained at room tempera-
ture in the dark for 15min. The cells were detected using
flow cytometry.

2.6. Cell Viability and Morphological Analysis. BV2 cells
were treated with 3.125, 6.25, 12.5, 25, 50, 100, and 200μM
GSP for 24 h. Another batch of cells was treated with LPS
(100 ng/mL) for 24 h, followed by treatment with different
concentrations of GSP for 24 h. CCK-8 solution (10μL)
was added to each well and maintained for 90min. Finally,
absorbance at 450nm was measured using a microplate
reader (Bio-Rad, Hercules, CA, USA). For morphological
analysis, the cells were photographed using an EVOS XL
Core Cell Imaging System (Semefeld, Waltham, MA, USA)
at a magnification of ×100.

2.7. BV2 Cell Culture and Treatment. BV2 cells were cul-
tured in MEM containing 10% FBS (Gibco) and 1% penicil-
lin/streptomycin in a humidified 5% CO2 atmosphere. They
were passaged with 0.25% trypsin at approximately 80%
confluence. BV2 cells were pretreated with 100ng/mL of
LPS for 24h, followed by treatment with different concentra-
tions of GSP (3.125, 6.25, and 12.5μM) for 24h. To explore
the underlying mechanism of GSP, the TLR4-specific inhib-

itor TAK242 (1μM, 60min) was added to the BV2 cells
before adding GSP.

2.8. Microglia/Neuron Coculture. A Transwell coculture sys-
tem (0.4μm pores; Corning, USA) incubated in a 24-well
plate was employed in this study. PC12 cells were cultured
in DMEM. BV2 cells were pretreated with 100ng/mL LPS
for 24 h, followed by treatment with 12.5μM GSP for 24 h.
BV2 cells were then seeded into inserts, placed on the
PC12 monolayer at the bottom of the well, and cultured
for 24 h.

2.9. Western Blotting (WB). Spinal cord tissues or cultured
cells were lysed in RIPA buffer supplemented with phospha-
tase inhibitors and protease. The lysates were centrifuged at
12,000 rpm (4°C, 30min), and the supernatants were col-
lected. Protein concentrations were determined using a
bicinchoninic acid kit. Proteins were separated by 10% or
12% sodium dodecyl polyacrylamide gel electrophoresis
and transferred onto PVDF membranes. After blocking with
5% nonfat milk, the membranes were incubated overnight at
4°C with the following primary antibodies: iNOS (anti-rab-
bit, 1 : 1250), Arg1 (anti-rabbit, 1 : 1000), TNF-α (anti-rabbit,
1 : 1000), IL-10 (anti-rabbit, 1 : 1000), cleaved caspase-3
(anti-rabbit, 1 : 1000), Bax (anti-mouse, 1 : 1000), Bcl-2
(anti-mouse, 1 : 2000), and β-actin (anti-mouse, 1 : 1000)
from Proteintech; CD86 (anti-mouse, 1 : 1000) and CD206
(anti-mouse, 1 : 1000) from Santa Cruz Biotechnology; and
p-NF-κ B-p65 (anti-rabbit, 1 : 1000), NF-κB-p65 (anti-rab-
bit, 1 : 1000), IκBα (anti-rabbit, 1 : 1000), p-IκBα (anti-rabbit,
1 : 1000), PI3K (anti-rabbit, 1 : 1000), p-PI3K (anti-rabbit,
1 : 1000), AKT (anti-rabbit, 1 : 1000), and p-AKT (anti-

0 1 2 3 4 5 6 7 14 21 28
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Figure 2: Timeline of the experimental protocol.

Table 1: Primer sequences for qRT-PCR.

Gene Forward primer sequence Reverse primer sequence

COX-2 TCATAAGCGAGGACCTGG GGTGGCATACATCATCAGAC

iNOS CACCGAGATTGGAGTTCG GGAGCACAGCCACATTG

TNF-α TGGAACTGGCAGAAGAGG GAACTGATGAGAGGGAGGC

Arg-1 TGGCAGAGGTCCAGAAGTG GGAGTGTTGATGTCAGTGTGAGC

IL-10 TGCTATGCTGCCTGCTC TGGCTGAACCAAGGAGACG

TGF-β TGGCTGAACCAAGGAGAC CTCTGTGGAGCGTTGATTTCC

GAPDH TGTGTCCGTCGTGGATCTGA TGGCTGTTGAAGTAGCAGGAG
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Figure 3: Continued.
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rabbit, 1 : 1000) from Cell Signalling Technology. The mem-
branes were incubated with goat anti-rabbit/mouse antibody
(1 : 4000; Proteintech) and labeled with horseradish peroxi-
dase for 1.5 h the next day. The protein signals were detected
using an imaging system.

2.10. NO Assay. The ability of microglia to produce NO was
evaluated by measuring the release of nitrite from the culture
supernatant. BV2 cells were pretreated with 100ng/mL LPS
for 24 h, followed by treatment with different concentrations
of GSP for 24h. A NO assay kit (Beyotime) was used to
detect NO production according to the manufacturer’s
instructions.

2.11. Immunofluorescence Staining (IF). Spinal cord tissues
were removed, embedded in paraffin, and cut into longitudi-
nal 4μm-thick sections. After being blocked with 10% goat
serum, the tissue sections were incubated overnight at 4°C
with the following primary antibodies: anti-NeuN (1 : 200),
anti-GFAP (1 : 300), anti-Iba1 (1 : 300), anti-CD86 (1 : 200),
and anti-CD206 (1 : 200). For cell IF, the cells were placed
on slides, fixed in 4% paraformaldehyde, and infiltrated with
0.5% Triton X-100. The cells were blocked with 10% goat
serum and then incubated with anti-iNOS (1 : 250), anti-
CD206 (1 : 250), anti-p-NF-κB-p65 (1 : 300), and p-AKT
(1 : 300) primary antibodies overnight at 4°C. The next day,
the tissue sections or cells on the slides were treated with
the secondary antibodies for 2 h, stained with DAPI, and
photographed under a fluorescence microscope.

2.12. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). RNA was extracted from spinal cord tissue
using TRIzol Reagent (Qiagen, CA, USA). A reverse tran-
scription kit (Takara, China) was used to synthesize comple-
mentary DNA (cDNA) following a standard protocol with
the LC96 System (Roche, Pleasanton, CA, USA) and quanti-
fied with SYBR Green (Takara). The relative expression

levels of the different genes were normalized to GAPDH
using the 2−ΔΔCt approach. Each experiment was performed
in triplicate. The sequences of the primers are listed in
Table 1.

2.13. Hematoxylin and Eosin (HE) Staining. The processed
tissue sections were stained with hematoxylin for 70 s, differ-
entiated in 1% hydrochloric acid, and stained with eosin for
100 s. Images were obtained under a light microscope.

2.14. Immunohistochemistry (IHC). After dewaxing, the par-
affin tissue sections were subjected to antigen retrieval with
sodium citrate buffer, blocked with 10% serum, and incu-
bated with anti-cleaved caspase-3 antibody (1 : 100) over-
night at 4°C. The following day, sections were rinsed with
PBS three times, followed by treatment with secondary anti-
body for 1.5 h at 37°C. Diaminobenzidine and hematoxylin
were used to visualize the antibody staining. Images were
obtained using a light microscope.

2.15. Statistical Analysis. All experiments in this study were
repeated at least three times. All data are presented as
mean ± standard deviation and were analyzed using SPSS
software (version 22.0; IBM, Armonk, NY, USA). When
comparing two groups, the unmatched Student’s t-test was
used. One-way analysis of variance (ANOVA) and Tukey’s
multiple comparisons test were used for more than two
groups.

3. Results

3.1. Effect of GSP on the Recovery of Locomotion in SCI Rats.
To determine whether GSP can exert positive effects on
functional recovery, rats were subjected to BBB score and
footprint analysis. We found that hindlimb function in rats
was lost immediately following SCI and gradually recovered
over time (Figure 3(a)). At 28 days postinjury (dpi), the BBB
scores of the SCI and GSP-treated groups were 8 and 13,
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Figure 3: Effect of GSP on locomotor function recovery in SCI rats. (a) BBB score in the three groups at 28 dpi (n = 6/group). (b) Footprints
and their quantification analysis in each rat at 28 dpi. Purple: frontpaw; Red: hindpaw (n = 5/group). (c) Representative HE staining images.
(n = 3/group). (d) IF and quantitative data for NeuN (green) at 14 dpi (n = 3/group). (e) IF and quantitative data for GFAP (green) at 14 dpi.
(n = 3/group). ##p < 0:01, ###p < 0:001 vs. sham group, ∗∗p < 0:01, ∗∗∗p < 0:001 vs. SCI group.
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Figure 4: Continued.
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Figure 4: Effect of GSP on microglial polarisation in vivo. (a) The M1/M2-related mRNA expressions were measured by qRT-PCR
(n = 3/group). (b, c, e, f) Representative WB and quantitative data of M1/M2-related protein levels in each group. (n = 3/group). (d,
g, h) Representative IF and quantitative data of CD86/CD206 at 14 dpi and (n = 3/group). #p < 0:05, ##p < 0:01 vs. sham group. ∗p <
0:05, ∗∗p < 0:01, or ∗∗∗p < 0:001 vs. SCI group.
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Figure 5: GSP inhibit apoptosis in vivo. (a, b) Representative WB and quantitative data of Bax, Bcl-2, and cleaved caspase-3 in the different
groups at 14 dpi (n = 3 rats in each group). (c, d) Representative IHC staining and Nissl staining in the different groups at 14 dpi. (d)
Quantitative data of cleaved caspase-3. (n = 3, with 5 images for each rat). (e) Quantitative data of the number of Nissl-stained cells at 14
days after SCI (n = 3 rats in each group). ##p < 0:01 or ###p < 0:001 vs. sham group. ∗p < 0:05, ∗∗p < 0:01, or ∗∗∗p < 0:001 vs. SCI group.
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respectively. Starting at 7 dpi, the score of the GSP-treated
group was remarkably higher than that of the SCI group.
Consistent with this, our footprint analysis results
(Figure 3(b)) showed that the hindlimb movement of rats
in the GSP-treated group was relatively coordinated,
whereas the SCI rats showed obvious hindlimb dragging.

These data indicate that GSP can improve locomotor func-
tion in SCI rats.

3.2. Effect of GSP on Neural Function In Vivo. Histological
and morphological changes in rats were evaluated by HE
and IF staining. We found that the spinal cords in the SCI
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Figure 6: Effect of GSP on the viability and effect of LPS on microglial polarisation. (a) Effects of on cell viability. (b) Effects of GSP and LPS
on cell viability. (c) Representative WB and quantitative data of iNOS and TNF-α in each group. (d) IF and quantitative data of iNOS.
##p < 0:01 vs. control group.
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Figure 7: Continued.
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group had large cavities that were significantly narrowed by
GSP (Figure 3(c)). Next, we stained the cells for NeuN (a
neuronal marker) to investigate the effects of GSP on the
neurons. As shown in Figure 3(d), more NeuN-positive cells
were observed in the GSP-treated group. GFAP was used to
assess astrocyte activation. We observed increased GFAP
expression in the SCI group, and this increase was markedly
attenuated by GSP (Figure 3(e)). These results suggest that
GSP can increase neuronal survival and inhibit astrocyte
activation following SCI.

3.3. Effect of GSP on Microglia Polarisation In Vivo. At
14 dpi, qRT-PCR was used to detect the mRNA expression
of inflammatory cytokines in the spinal cord tissues. GSP
significantly decreased the expression of proinflammatory

cytokines (TNF-α, iNOS, and COX-2) and elevated the
expression of anti-inflammatory cytokines (Arg-1, TGF-β,
and IL-10) (Figure 4(a)). Next, we investigated whether
GSP could regulate microglial polarisation following SCI as
microglia have two different phenotypes. The expressions
of iNOS, CD86, TNF-α, IL-6, COX-2, Arg1, TGF-β,
CD206, and IL-10 were analyzed by WB (Figures 4(b),
4(c), 4(e), and 4(f)). The GSP-treated group showed lower
M1-related protein expression and higher M2-related pro-
tein expression than the SCI group. We used CD86,
CD206, and Iba1 (a specific marker of microglia) for IF to
evaluate microglial polarisation in each group (Figures 4(d)
and 4(h)). As shown in Figure 4(g), the GSP-treated group
tended to have more CD206-positive and fewer CD86-
positive microglia than the SCI group at 14 dpi. These results
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Figure 7: Effect of GSP on microglial polarisation in vitro. (a) Morphological results and IF for Iba1 in each group. Scale bar = 200 μm. (b)
Representative WB and quantitative data of M1/M2-related proteins. (c) IF and quantitative data of iNOS and CD206 in each group. (d) NO
concentration of each group. ##p < 0:01 vs. control group. ∗∗p < 0:01 vs. LPS-treated group.
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suggest that GSP has a significant anti-inflammatory effect
and can polarise M1 to M2 microglia in rats following SCI.

3.4. GSP Suppressed Neuronal Apoptosis In Vivo. The rela-
tionship between neuronal apoptosis and local inflammation
has been previously reported [36]. Sustained microglial acti-
vation can cause neurological impairments by inducing neu-
ronal apoptosis [37]. To determine the apoptosis of neurons
and whether GSP prevents neuronal apoptosis in rats with
SCI, we assayed the levels of apoptosis-related proteins.
The WB results (Figures 5(a) and 5(b)) suggested that the
expression of antiapoptotic Bcl-2 was downregulated, but
proapoptotic Bax and cleaved caspase-3 were upregulated
in the SCI versus sham group, all of which could be reversed

by GSP treatment. The results of IHC for cleaved caspase-3
(Figures 5(c) and 5(d)) were consistent with those of WB,
suggesting that GSP could prevent neuronal apoptosis after
SCI in rats.

3.5. Effect of GSP on BV2 Cell Viability. To determine
whether GSP has a similar therapeutic effect in vitro as
observed in vivo, LPS was added to induce an inflammatory
microenvironment and simulate SCI in vitro. The CCK-8
assay was used to determine whether GSP affected the viabil-
ity of BV2 cells. The results (Figure 6(a)) showed that GSP at
concentrations lower than 25μM caused no detectable cyto-
toxicity in BV2 cells. Therefore, we employed GSP concen-
trations of 3.125–12.5μM in subsequent experiments. BV2
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Figure 8: Effect of M1 microglia on neuronal apoptosis. (a) Schematic of cell treatments. (b) Representative WB and quantitative data of
apoptosis-related proteins. (c) Apoptosis of PC12 was detected by TUNEL (scale bar: 200 μm). ##p < 0:01 vs. control group.
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cells were sequentially treated with LPS (100 ng/mL, 24h)
and various concentrations of GSP (3.125, 6.25, 12.5, and
24 h). The results (Figure 6(b)) indicated that after being
treated with 3.125, 6.25, and 12.5μM GSP and 100ng/mL
LPS, the viability of BV2 cells showed no significant
difference.

3.6. Effects of LPS on Microglial Polarisation and Release of
Proinflammatory Mediators. Several previous studies have
demonstrated that LPS (100 ng/mL) can induce neuroin-
flammation and polarise microglia to the M1 phenotype
[38, 39]. Therefore, in the follow-up experiment, we chose
to use LPS at 100ng/mL. Our results (Figures 6(c) and
6(d)) suggest that the expression levels of TNF-α and iNOS
increased in a time-dependent manner after LPS stimula-
tion. Moreover, the iNOS expression detected by IF was con-
sistent with that observed using WB (Figure 6(e)). Since
100ng/mL LPS was sufficient to induce M1 polarisation of
microglia, we used 100ng/mL LPS to treat BV2 cells in sub-
sequent experiments.

3.7. Effect of GSP on Microglia Polarisation In Vitro. Mor-
phological changes and IF for Iba1 were used to evaluate

the effects of GSP (12.5μM) on LPS-induced microglia. We
found that resting BV2 cells had small cell bodies and long
processes, showed a spindle shape, and acquired an
amoeba-like morphology with short and thick cell bodies
after LPS treatment. Nonetheless, these changes could be
reversed by GSP (Figure 7(a)). To further investigate whether
GSP (12.5μM) had the same effects in vitro, the expression
levels of M1/M2-related markers in each group were mea-
sured (Figure 7(b)). GSP treatment reduced the expression
of M1 microglial markers, similar to the effect of IF on iNOS
(Figure 7(c)) and NO production (Figure 7(d)). GSP signifi-
cantly upregulated the M2 microglial markers (Figure 7(b)).
Similarly, the immunofluorescence intensity of CD206
(Figure 7(c)) was lower following LPS treatment but became
stronger after GSP treatment. These in vitro results indicate
that GSP can polarise microglia from the M1 to M2 pheno-
type, confirming the results observed in vivo.

3.8. Effect of GSP on M1 Microglia-Induced Neuronal
Apoptosis In Vitro. To determine the relationship between
microglial polarisation and neuronal apoptosis, we cocul-
tured LPS-BV2 and PC12 cells. The cells were then treated
as shown in Figure 8(a). The results of TUNEL and WB
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analyses of apoptosis-related proteins (Figures 8(b) and 8(c))
showed that apoptosis of PC12 cells was induced by M1-
BV2 cells.

To evaluate whether GSP affects M1 microglia-induced
neuronal apoptosis, we cocultured PC12 cells with differen-
tially treated BV2 cells (Figure 9(a)). The apoptotic rate in
monocultured PC12 cells was 7.05%, which decreased to
3.29% when cocultured with GSP-pretreated BV2 cells.
When cocultured with LPS-treated BV2 cells, the apoptosis
rate of PC12 cells increased significantly to 42.09% and
recovered to 23.39% when BV2 cells were pretreated with
GSP (Figure 9(b)). Similar trends were observed in WB anal-
ysis of apoptosis-related proteins (Figure 9(c)). Taken
together, these results indicate that GSP can attenuate apo-
ptosis of neurons induced by M1 microglia.

3.9. GSP Regulates Microglial Polarisation by Targeting
TLR4-Mediated Signaling. Both in vivo and in vitro studies
revealed that GSP promotes functional recovery and shifts
microglial polarisation from the M1 to M2 phenotype. To
elucidate the mechanisms underlying the effects of GSP, we
determined the expression of TLR4 after SCI. The WB
results suggested that the expression of TLR4 was upregu-

lated in the SCI group but downregulated following GSP
treatment. This indicated that GSP could inhibit TLR4.
NF-κB and PI3K/AKT are downstream molecules of TLR4.
Therefore, we determined the effects of GSP after SCI. In
our in vivo study, the WB results showed that p-NF-κB-
p65 was remarkably inhibited, but p-PI3K and p-AKT
(downstream targets of p-PI3K) were activated in the GSP-
treated group compared to the SCI group (Figures 10(b)
and 10(c)).

In our in vitro study, TAK242 was used to explore the
potential crosstalk between these two pathways after GSP
treatment. First, we evaluated whether TAK242 affected
BV2 cell viability and found that when the TAK242 con-
centration was below 500 nM, there was no obvious cyto-
toxicity (Figure 11(a)). In our preliminary experiment,
TAK242 (100 nM) could not polarise BV2 to the M1 or
M2 phenotype (Figure 11(b)). Therefore, in the follow-up
experiments, we added TAK242 (100 nM) to BV2 cells for
1 h before GSP treatment and found that LPS significantly
upregulated the expression of TLR4, MyD88, and p-NF-p65
and downregulated the expression of p-PI3K and p-AKT.
However, both GSP (12.5μM) and TAK242 reversed this
trend, and the effect in the inhibitor group was more obvious
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(Figure 11(c)). Moreover, the IF results were consistent with
those obtained using WB (Figure 11(d)). Hence, the above
data demonstrates that GSP could promote the polarisation
of BV2 cells to the M2 phenotype by targeting the TLR4/
Myd88/NF-κB/PI3K/AKT signaling cascades, thus playing
a neuroprotective role.

4. Discussion

SCI remains a major medical problem worldwide because of
its high disability and mortality rates and remains a heavy
burden on the patient’s family and society. The complexity
of the pathological process of SCI has created significant
obstacles for the current treatments. Current treatment
methods focus on inhibiting neuroinflammation in the sec-
ondary injury, thus creating a beneficial microenvironment
for neurogenesis and axonal regeneration. Currently, SCI
treatment cannot completely restore impaired function.
The good news is that most SCI cases involve contusions,
traction, or compression injuries rather than physical tran-
section of the spinal cord, and these incomplete SCI can be
treated [40].

Proanthocyanidins are pluripotent molecules that can be
isolated from many plant species and have been shown to
promote health and prevent disease [41–44]. After being
metabolized, proanthocyanidins can cross the blood-brain/
spinal barrier that prevent most drugs from reaching the
CNS [45, 46]. Zhou et al. found that proanthocyanidins
could promote functional recovery following SCI by inhibit-
ing ferroptosis [47]. Our previous study demonstrated that
proanthocyanidins could inhibit H2O2-induced apoptosis
in PC12 cells [48]. Nonetheless, to date, no study has evalu-
ated the potential effects of proanthocyanidins on microglial
polarisation following SCI. Therefore, this study is aimed at
exploring whether GSP has a protective effect against SCI
and its potential mechanism. We established a rat model of
SCI and hypothesized that GSP has a therapeutic effect.
First, we evaluated locomotor function recovery in rats. We
found that GSP significantly promoted functional recovery.
The number of NeuN-positive cells decreased remarkably
after SCI; however, this neuronal loss was reduced after
GSP treatment. Activated astrocytes can cause glial scarring
and affect axonal regeneration. Our IF results indicated that
the GFAP expression was upregulated after SCI, and this
phenomenon was markedly attenuated by GSP. Taken
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Figure 11: Effect of GSP on TLR4/NF-κB/PI3K/AKT signaling cascades in vitro. (a) Effects TAK242 on cell viability. (b) Representative WB
and quantitative analysis of CD86 and Arg-1. (c) Representative WB and quantitative data of TLR4/MyD88/NF-κB/PI3K/AKT signaling
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together, the findings of our preliminary in vivo studies
demonstrated that GSP could eliminate astrocyte activation
and promote functional behavioral recovery in rats following
SCI.

As a resident cell type of the CNS, microglia are very
important for achieving CNS homeostasis and maintaining
normal neuronal function under healthy conditions and

are key regulators of SCI and repair. Like macrophages,
microglia, as a type of highly plastic cell, can differentiate
into M1 and M2 phenotypes. The M1 phenotype expresses
various proinflammatory factors (TNF-α, NO, and iNOS).
The M2 phenotype is characterized by the expression of
anti-inflammatory mediators such as IL-10, Arg1, and
CD206 [49–51]. Microglia can create a microenvironment
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conducive to SCI recovery by modulating M1/M2 polarisa-
tion. Because microglia can cause neurotoxic or neuropro-
tective effects by dynamically switching between M1 and
M2 phenotypes following stimulation, inhibiting overacti-
vated M1 polarisation seems to be a feasible strategy for neu-
roprotection. However, there is evidence that inhibition of
the M1 phenotype alone is unlikely to provide overall bene-
fits [52, 53]. Compared to simply inhibiting M1 polarisation,
the timely conversion of M1 to M2 microglia is considered a
more promising strategy for treating SCI [54]. In our in vivo
study, we used M1/M2-related markers to characterize
microglial polarisation. We found that the M1 marker
expression decreased, whereas the M2 marker expression
increased, indicating that GSP could regulate microglial
polarisation after SCI.

In the secondary injury of SCI, in addition to neurons,
apoptosis also occurs in other cells in the CNS that leads
to further loss of neurological function, thus creating obsta-
cles to repair. Inhibition of neuronal apoptosis can promote
functional and pathological recovery and prevent permanent
neurological impairments [55]. The BCL-2 family of pro-
teins is essential apoptosis regulatory proteins, including
proapoptotic (e.g., Bax and cleaved caspase-3) and antiapop-
totic (e.g., Bcl-2) proteins. Higher Bax/Bcl-2 ratios can form
ion channels that activate cleaved caspase-3, which induces
apoptosis [56]. Our in vivo results showed that GSP inhib-
ited neuronal apoptosis.

To determine whether GSP has a similar therapeutic
effect in vitro as observed in vivo, we used BV2 cells to sim-
ulate primary microglia for follow-up experiments. The
rationale of BV-2 as a substitute for primary microglia has
been verified previously [57]. Activated microglia can induce
apoptosis in surrounding neurons [58–60]. Since we found
that GSP inhibited neuronal apoptosis in vivo, we wondered
whether it was mediated, at least partially, by inhibiting the
activation of M1 microglia. Therefore, we evaluated the
effects of M1 microglia on neuronal apoptosis in vitro using
a coculture system and found that GSP alleviated neuronal
apoptosis by inhibiting M1 polarisation in microglia.

LPS, a component of the outer membrane of gram-
negative bacteria, is a classical TLR4 agonist that polarises
microglia to the proinflammatory M1 phenotype and
reduces M2 polarisation, thus aggravating inflammation
[16, 61]. LPS-induced microglial models have been widely
adopted in studies on microglial polarisation [62, 63]. There-
fore, we stimulated BV2 cells with LPS to simulate neuroin-
flammation in vitro and found that LPS caused NO release
and increased the expression of TNF-α, CD86, and iNOS
in BV2 cells. Nevertheless, GSP reversed this trend and sig-
nificantly upregulated M2-related markers, which suggested
that GSP could polarise microglia from the M1 to the M2
phenotype.

TLR4 is mainly expressed in microglia of the CNS [64,
65]. TLR4-dependent microglial activation is crucial in SCI
[66, 67]. The biological effects mediated by TLR4 are mainly
related to its downstream signaling pathway, and the activa-
tion of TLR4 is essential for microglial M1 polarisation [67].
In our in vivo study, the expression of TLR4 decreased sig-
nificantly after GSP treatment. This indicated that GSP

may inhibit the TLR4-mediated signaling pathway. Taken
together, these results suggest that the effects of GSP on
microglia-induced neuroinflammation or neuroapoptosis
may be related to the TLR4-mediated signaling pathway.

After binding to TLR4, LPS induces downstream signal-
ing pathways of TLR4, such as NF-κB [68]. NF-κB normally
binds to IκB and remains in the cytoplasm in its inactive
state. Upon activation, the rapid degradation of IκB leads
to its dissociation from the NF-κB dimer (p65/p50). The
dissociation of IκB from the NF-κB dimer can expose the
DNA binding signal on the p65 subunit and the transloca-
tion signal on the p50 subunit, which results in p65/p50
dimer translocation from the cytoplasm to the nucleus [69,
70]. The PI3K/AKT pathway is another major regulator of
neuroinflammation. When activated, it contributes to func-
tional recovery following SCI [71] and promotes microglial
polarisation towards the M2 phenotype [72]. There is grow-
ing evidence of crosstalk between the TLR4/Myd88/NF-κB
and PI3K/AKT signaling pathways [73, 74]. Moreover, acti-
vation of PI3K/AKT signaling can inhibit the TLR4/NF-κB
signaling pathway (Figure 12) [75]. Our results strongly
indicate that GSP can regulate microglia towards the M2
phenotype, which may involve the two signaling pathways.

The results in vivo suggested that the NF-κB pathway was
strongly activated following SCI, whereas PI3K/AKT path-
way activity was inhibited. This trend was reversed by GSP
treatment. To further explore the effects of GSP on these
two pathways, we detected changes in related protein levels
in vitro. Compared to the LPS group, the NF-κB pathway
was inhibited, and the PI3K/AKT pathway was activated
after GSP treatment. One strategy for inhibiting LPS-
mediated signaling pathways is to block their receptors.
Therefore, we blocked TLR4 with TAK242. We found that
both TAK242 and GSP effectively reduced the high activity
of NF-κB induced by LPS and upregulated PI3K/AKT
signaling-related protein expression. Compared to TAK242,
the regulation of GSP is limited or milder but sufficient to
reduce LPS-induced neuroinflammation. We demonstrated
that GSP regulates microglial polarisation by inhibiting the
TLR4-mediated NF-κB and PI3K/AKT signaling pathways.
Nevertheless, further experiments should be performed to
explain the precise underlying mechanism of crosstalk
between TLR4/NFκB and PI3K/AKT signaling pathways.

In summary, GSP can regulate microglial polarisation,
thereby reducing neuronal apoptosis and improving func-
tional recovery after SCI by inhibiting TLR4. Therefore, the
TLR4/MyD88/NF-κB/PI3K/AKT signaling cascade is a suit-
able target for treating SCI. However, this study did not
explore the long-term side effects of GSP, and the exact
mechanism needs to be further explored.

5. Conclusion

GSP inhibited neuroinflammation and neuronal apoptosis
by regulating microglial polarisation. Thus, GSP plays a neu-
roprotective role, which may be achieved by inhibiting the
NF-κB signaling pathway and activating the PI3K/AKT sig-
naling pathway mediated by TLR4. This study demonstrated
the potential of GSP as a therapeutic SCI drug.
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We compared the outcomes of patients treated with different volumes of polymethyl methacrylate bone cement during
percutaneous vertebroplasty (PVP) for thoracolumbar vertebral compression fractures. We performed a comparative,
retrospective study of 316 patients who underwent PVP for a single-level thoracolumbar vertebral compression fracture.
Patients were divided into two groups: group A (≤5mL; n = 146) and group B (>5mL; n = 170). The visual analogue scale
(VAS) for pain and the Roland-Morris Disability Questionnaire (RDQ) scores were compared between the two groups at 1
week and at 1, 6, 12, and 24 months after PVP. The incidence of cement leakage into the intervertebral discs was evaluated by
a postoperative lateral radiograph assessment. Patients were evaluated for new fractures 1 and 2 years after PVP or when new
fractures were suspected. Among the 316 patients enrolled, 245 completed the clinical research. No difference between groups
A and B in terms of the VAS, RDQ, and rate of complications at all time points after surgery was observed. The presence of
intervertebral disc leakage was a relative risk (RR) for subsequent total vertebral fracture (RR, 6.42; 95% confidence interval
(CI), 2.72-14.19; P < 0:0001) and adjacent vertebral fracture (RR, 8.03; 95% CI, 2.74-23.54; P = 0:0001). A high volume of bone
cement may increase the rate of subsequent total and adjacent vertebral fractures. However, the occurrence of intervertebral
disc leakage is the principal risk factor for these negative outcomes of PVP.

1. Introduction

Percutaneous vertebroplasty (PVP) is a minimally invasive
technique that involves percutaneous injection of poly-
methyl methacrylate or calcium phosphate cement into the
involved vertebral body under C-arm fluoroscopy. For
patients with an osteoporotic vertebral compression fracture
(VCF), PVP can provide rapid pain relief and restore verte-
bral height, as well as improve function and mobility, which
decreases the risk of mortality and incidence of complica-
tions. The efficacy of PVP has been proven in a series of
clinical studies and a few randomized, controlled trials
[1–8]. However, there were studies indicating that when
the patients with VCFs were under PVP, the probability

of subsequent vertebral fractures was from 2.4% to 23%
[9, 10] and 2/3 of them occurred in the adjacent vertebra
[11, 12]. The volume of bone cement used is the most
important factor to consider with regard to the therapeutic
effect of PVP. In vitro biomechanical studies have not
identified a benefit of a higher volume of cement in restor-
ing vertebral stiffness and strength [13, 14] or the height
of the vertebra [14]. In fact, asymmetric injection of a high
volume of cement negatively transforms the biological
characteristics of the vertebra [13]. In clinical reports,
amounts of cement ranging from 1 to 12mL have been
used for PVP treatment of VCFs [15–17]. However, the
appropriate volume of cement to be used remains unclear.
For balloon kyphoplasty, Röder et al. [18] reported that a
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cement volume > 4:5mL was more effective than ≤4.5mL.
Of note, Jin et al. [19] reported that a high volume of
cement during PVP increased the risk of subsequent adjacent
vertebral fractures, and a volume of 4.9mL was the most
appropriate to minimize this risk. Based on this information,
we conducted a retrospective, comparative study to deter-
mine if PVP performed with a low volume of cement pro-
vided the same clinical outcomes as PVP performed with a
high volume of cement for the treatment of osteoporotic
VCFs.

2. Materials and Methods

Eligible patients were those who underwent PVP for osteo-
porotic VCFs in the Department of Orthopedic Surgery at
Xinhua Hospital Affiliated with Shanghai Jiaotong Univer-
sity School of Medicine between January 2008 and Decem-
ber 2013. The inclusion criteria were as follows: age ≥ 50
years and a single, acute, or subacute, painful osteoporotic
VCF with a clinical onset < 3months or a chronic, unhealed,
painful, osteoporotic VCF with a clinical onset ≥ 3 months
confirmed by spinal radiography and by magnetic resonance
or emission computed tomography imaging. The exclusion
criteria were as follows: pathological fractures from mye-
loma, metastatic tumor, or infection; history of coagulation
disorders; disruption of the posterior wall of the fractured
vertebral body; presence of any neurological symptom;
severe cardiopulmonary comorbidity; suspected underlying
malignant disease; diseases affecting bone metabolism; and
history of glucocorticoid or antiosteoporosis drugs. The level
of the VCF was classified as thoracic (T6-T9), thoracolum-
bar (T10-L2), or lumbar (L3-L5). All the patients included
in this study were required to undergo dual-energy X-ray
absorptiometry examination to determine bone mineral
density scores of the lumbar vertebrae (L1–4). Fractured ver-
tebrae were excluded at T-score evaluation when the frac-
ture was at L1-L4.

Patient follow-up was conducted at 1 week after PVP
and at 1, 6, 12, and 24 months after PVP. Patient-reported
scores on the visual analogue scale (VAS) for back pain
and the Roland-Morris Disability Questionnaire (RDQ) for
functional recovery were obtained at baseline before PVP
and at each follow-up. A 10-point VAS was used to quantify
pain intensity with anchors at “0” (no pain) and “10” (worst
possible pain). The RDQ was used for scoring activities of
daily life on a 23-point scale with physical disability worsen-
ing as the score increased. Cement leakage into the interver-
tebral disc was evaluated on a postoperative lateral
radiograph (see Figure 1).

Evaluation for a new VCF was performed by magnetic
resonance or radioisotope imaging at 1 and 2 years after
PVP or when suspected from the clinical presentation.

A 5mL volume of cement was used as the cut-off, which
was based on the report by Jin et al. [19], to compare the
low- and high-volume groups. Patients were classified into
the appropriate group for analysis: a low-volume group
(group A) received a volume of cement ≤ 5mL, and a high-
volume group (group B) received a volume of cement > 5mL.

Continuous variables were reported as the mean and
standard deviation (SD) or 95% confidence interval (CI),
and categorical variables were reported as a number and
percentage. For dichotomous variables, the risk ratio
(RR) and 95% CI were calculated. The Student t-test was
used to evaluate between-group differences for continuous
variables, and the chi-squared (χ2) test was used for categor-
ical variables. A P value < 0.05 was considered statistically
significant.

The present study was approved by Xinhua Hospital,
Shanghai Jiaotong University School of Medicine (approval
number: XHEC-D-2020-071). Written informed consent
was obtained from the patients.

3. Results

3.1. Baseline Characteristics. A total of 539 patients from
January 2008 to December 2013 were eligible for the study,
and 387 of these patients met the inclusion criteria. The dis-
tribution of fractures was as follows: thoracic, n = 17; thora-
columbar, n = 316; and lumbar, n = 54. Owing to the small
number of cases, thoracic and lumbar fractures were not
included in our analysis to reduce the risk of bias (see
Figure 2). The 316 patients with thoracolumbar fractures
included 61 males and 255 females with an average age of
77.0 (range, 52 to 96) years; however, only 245 patients
completed the 2-year follow-up from beginning to end (see
Figure 2). The relevant characteristics of these patients, clas-
sified into groups A (≤5mL) and B (>5mL), are presented in
Table 1.

L
lat

Figure 1: Cement leakage into the intervertebral disc on direct
postoperative radiograph.
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3.2. VAS and RDQ. No difference between groups A and B
with regard to the VAS and RDQ scores at each time point
of measurement was observed (see Table 2).

3.3. Intervertebral Leakage and Subsequent Vertebral
Fractures. A total of 35 (11.1%) patients had intervertebral
disc leakage, 18 (5.7%) patients had subsequent total

539 patients were assessed for eligibility 

223 were excluded
92 met the exclusion criteria

49 declined to participate
11 other reasons

71 thoracic or lumbar region

Cement volume ≤ 5ml:146 Cement volume > 5ml:170 

145 completed 1-w assessment 168 completed 1-w assessment 

140 completed 1-m assessment 162 completed 1-m assessment 

135 completed 6-m assessment 152 completed 6-m assessment

131 completed 12-m assessment 143 completed 12-m assessment

119 completed 24-m assessment 126 completed 24-m assessment

1 lost follow up 1 lost follow up
1 subsequent vertebral fractures 

2 lost follow up
3 subsequent vertebral fractures

2 lost follow up
3 subsequent vertebral fractures

1 died

2 dementia
1 subsequent vertebral fractures

2 died

2 lost follow up
6 subsequent vertebral fractures

2 died

3 lost follow up
1 died 

4 lost follow up
3 subsequent vertebral fractures

2 died

8 lost follow up
2 died

2 dementia

11 lost follow up
1 subsequent vertebral fractures

2 died
3 dementia

Figure 2: Flow chart of including, excluding, and dividing cases and 2-year follow-up.
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vertebral fracture, and 12 (3.8%) patients had subsequent
adjacent vertebral fractures. The differences in these out-
comes between groups A and B were as follows: interverte-
bral leakage, 13 (8.9%) and 22 (12.9%), respectively
(P = 0:250); subsequent total vertebral fracture, 4 (2.7%)
and 14 (8.2%), respectively (P = 0:036); and subsequent
adjacent vertebral fracture, 2 (1.4%) and 10 (5.9%), respec-
tively (P = 0:029) (see Table 3).

3.4. A Risk Factor to Subsequent Vertebral Fractures. Inter-
vertebral disc leakage (n = 35) increased the risk of subse-
quent fractures. The difference between those patients with
and without leakage was as follows: subsequent total verte-
bral fracture, 8 (22.9%) and 10 (3.6%), respectively (RR,
6.42; 95% CI, 2.72 to 15.19; P < 0:0001), and subsequent

adjacent vertebral fracture, 6 (17.1%) and 6 (2.1%), respec-
tively (RR, 8.03; 95% CI, 2.74 to 23.54; P = 0:0001) (see
Table 4).

4. Discussion

A consensus regarding the effects of bone cement volume on
the clinical efficacy of PVP for thoracolumbar VCFs does
not exist. In our study, both low and high volumes of bone
cement effectively relieved pain and promoted early recovery
of function. Although a high volume of cement was associ-
ated with a high rate of subsequent total and adjacent verte-
bral fractures, the risk for these fractures was actually
associated with the incidence of intervertebral leakage after
surgery.

The effects of bone cement on the biomechanics of ver-
tebrae have previously been reported. Belkoff et al. [20]
reported that 2mL of cement increased the strength of frac-
tured vertebrae at the thoracic, lumbar, and thoracolumbar
level; however, improvement in the rigidity of the vertebrae
was specific to the level: 4mL was required at the thoracic

Table 1: Baseline characteristics of the 316 patients with thoracolumbar OVCFs treated with different volumes of cement.

Low dose (≤5mL) High dose (>5mL) P value

Number of patients 146 170

Sex, female; N (%) 116 (79.5%) 139 (81.8%) 0.606

Age, years; mean (SD) 77.1 (8.4) 76.2 (8.5) 0.305

BMD (T-value); mean (SD) -2.7 (0.6) -2.8 (0.7) 0.062

BMI (kg/m2); mean (SD) 22.5 (2.8) 23.1 (3.7) 0.112

Cement volume, mL; mean (SD) 4.4 (0.8) 6.0 (0.6) <0.01
Cement volume; N

2.1-4.0mL 43

4.1-5.0mL 103

5.1-6.0mL 151

6.1-8.0mL 14

8.1-10.0mL 5

BMD: bone mineral density; BMI: body mass index; OVCFs: osteoporotic vertebral compression fractures.

Table 2: The VAS and RDQ scores at the different time points of
measurement.

Low-dose (≤5mL)
High-dose
(>5mL) P value

N Mean (SD) N Mean (SD)

VAS at different periods

Initial 146 7:7 ± 1:1 170 7:6 ± 1:0 0.489

1w 145 4:8 ± 1:6 168 4:8 ± 1:8 0.686

1m 140 4:2 ± 1:9 162 3:9 ± 1:7 0.179

6m 135 3:8 ± 2:0 152 3:6 ± 1:7 0.255

12m 131 3:5 ± 1:7 143 3:8 ± 1:8 0.182

24m 119 3:6 ± 1:5 126 3:5 ± 1:3 0.291

RDQ at different periods

Initial 146 19:0 ± 1:8 170 18:9 ± 2:0 0.689

1w 145 14:1 ± 2:8 168 13:7 ± 3:2 0.249

1m 140 12:6 ± 4:1 162 12:0 ± 3:8 0.193

6m 135 11:8 ± 3:4 152 11:5 ± 3:4 0.383

12m 131 11:5 ± 4:0 143 11:1 ± 4:0 0.417

24m 119 11:4 ± 4:0 126 11:6 ± 4:1 0.570

VAS: visual analogue scale; RDQ: Roland-Morris Disability Questionnaire.

Table 3: The IDL, STVF, and SAVF in respective groups with
different volumes of cement.

≤5mL >5mL RR P value

IDL 13/146 22/170 1.45 0.250

STVF 4/146 14/170 3.01 0.036

SAVF 2/146 10/170 4.29 0.029

IDL: intervertebral disc leakage; STVF: subsequent total vertebral fracture;
SAVF: subsequent adjacent vertebral fracture; RR: relative risk.

Table 4: The independent risk factor analysis of intervertebral disc
leakage for subsequent vertebral fracture.

With IDL Without IDL RR P value

STVF 8/35 10/281 6.42 P < 0:0001
SAVF 6/35 6/281 8.03 P = 0:0001
IDL: intervertebral disc leakage; STVF: subsequent total vertebral fracture;
SAVF: subsequent adjacent vertebral fracture; RR: relative risk.
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level, 4-6mL was required at the lumbar level, and 4-8mL
was required at the thoracolumbar level, with the volume
dependent on the cement materials used. Molloy et al. [14]
reported that, although 3.5mL of bone cement was sufficient
to strengthen a vertebral fracture, a 7.0mL volume was more
effective; again, both volumes of bone cement failed to effec-
tively repair the rigidity of vertebrae. Moreover, the effects of
bone cement on osteoporotic bone tissue and, ultimately, on
fracture repair have been an issue of long-standing contro-
versy. In an animal study, Hu et al. [21] demonstrated that
bone cement might not cause permanent injury to the bone
tissue but could prolong the repair cycle of the bone surface.

The mechanism by which PVP yields its analgesic effects
remains uncertain, although several hypotheses have been
proposed and are worth exploring [22–24]. The first is that
bone cement immediately solidifies the vertebra after injec-
tion and provides fixation to the fracture, which eliminates
the fracture-site micromovements that stimulate sensory
nerve endings. The second is that the heat effect of bone
cement and cytotoxicity of monomers damage the sensory
nerve endings, thus decreasing pain. The third is that the
pain relief could be mediated by the local anesthetics used
during PVP. The fourth is the possibility that PVP provides
a placebo effect. Obviously, the last three hypotheses do not
have an association with the volume of bone cement used.
As such, the first hypothesis would clarify the association
between pain improvement and postoperative vertebral
strength. In vitro studies have proven that a low volume of
bone cement is not inferior to a high volume for restoring
the strength of a vertebra [13, 14, 20], which would explain
why the volume of cement is not associated with the pain
relief effect of PVP. In the same way, recovery of daily func-
tion depends on both the improvement of pain and restora-
tion of vertebral strength and, thus, the volume of cement
would have little effect on recovery of function. In contrast,
the findings of Nieuwenhuijse et al. [22] showed that the
degree of pain relief after PVP was related to the volume of
bone cement, and a volume equivalent to 24% of the volume
of the vertebral body provided the optimal effect. In our
experience, alleviation of pain can be achieved effectively
using both a low and high volume of cement. Luo et al.
[23] reported that a 3.5mL volume of cement maximizes
recovery of normal stress distribution across both the frac-
tured and adjacent vertebrae.

Several studies have confirmed that, compared to con-
servative treatment, vertebroplasty does not increase the
incidence of subsequent fractures [24–29], but other studies
have concluded the opposite [1, 30]. We note that a low vol-
ume of cement was used in two of the studies that reported
the risk of subsequent fractures from PVP [25, 29]. In addi-
tion, we note that, in another study that reported an
increased risk of subsequent fractures from PVP, the volume
of cement was not specifically stated but the description pro-
vided was a fractured vertebra “fully filled” with bone
cement [30]. The systematic review by Han et al. [31]
reported that the volume of bone cement had no effect on
the incidence of subsequent fractures. However, the studies
included in Han et al.’s systematic review had wide varia-
tions in the volume of cement used, which resulted in high

heterogeneity and an inability to conclusively determine
the differential effects of a low or high volume. We further
note that there is little evidence regarding the effect of differ-
ent volumes on thoracolumbar VCFs after PVP. The volume
of the vertebral body varies greatly across different segments
of the spine; therefore, the possible differential effects of the
volume of cement used must be examined at each level of the
spine. We know that certain factors influence the incidence
of subsequent fractures after PVP, namely, bone mineral
density, body mass index, and bone cement intervertebral
disc leakage [32, 33]. Our study adds to these findings by
providing evidence that intervertebral disc leakage after
PVP is a significant risk factor for subsequent vertebral
fractures.

Our study shows that the incidence of intervertebral disc
leakage after PVP is higher when a high volume of bone
cement is used than when a low volume of bone cement is
used, but the difference was not significant. Our study did
confirm, however, that intervertebral disc leakage of bone
cement is a risk factor for subsequent fractures.

Liu et al. [34] proposed that subsequent vertebral frac-
tures after PVP reflected the natural progression of osteopo-
rosis; this could explain the association between higher
volumes of bone cement and an increased risk of subsequent
fracture of adjacent but not distal vertebrae [35]. Syed et al.
[36] confirmed that the use of a low volume of cement did
not correlate with the distribution of subsequent vertebral
fractures or incidence of intervertebral disc leakage. Of clin-
ical importance, the volume of bone cement used plays an
important role in improving the kyphotic deformity that
results from VCFs of the thoracic spine.

The effects of bone cement on the stress of intervertebral
discs have also been a controversial issue. Although bone
cement intervertebral disc leakage is an important factor
for subsequent fractures, the in vitro study by Aquarius
et al. [37] indicated that bone cement does not increase peak
stress of the lamina terminalis and, thus, would not cause an
adverse change in the stress on adjacent vertebrae. However,
Zhao et al. [38] indicated that bone cement could induce
intervertebral disc degeneration, and both a higher volume
of bone cement and longer time lapse since PCP resulted
in more severe intervertebral disc degeneration; moreover,
their research indicated more severe disc degeneration with
the use of polymethyl methacrylate than with calcium phos-
phate cement.

Our study has several limitations. Foremost is the retro-
spective design of the study, which prevents an inference of
any causality. Second is the limited number of cases of tho-
racic and lumbar VCFs, which prevented us from including
these spinal levels in our analysis. Therefore, our findings are
only applicable for thoracolumbar VCFs. Future research is
warranted to examine the differential outcomes for thoracic
and lumbar VCFs. Regarding our study design, we used a
pairwise observation instead of a factor analysis and, thus,
the specific effects of the volume of bone cement on mea-
sured outcomes require further analysis. Large, multicenter,
randomized, controlled trials are needed to provide the nec-
essary evidence regarding the optimal volume of bone
cement on the efficacy of PVP for VCFs.
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No clear difference between the use of low and high
volumes of bone cement on the clinical outcomes of PVP
for thoracolumbar VCFs was observed in our study. The
volume of bone cement used did not influence the incidence
of cement leakage into the intervertebral disc. However,
intervertebral disc leakage was identified as a specific risk
factor for adjacent vertebral fractures.

5. Conclusions

Both low and high volumes of bone cement effectively
relieved pain and promoted early recovery of function in
our study. A high volume of bone cement may increase the
rate of subsequent total and adjacent vertebral fractures.
However, the occurrence of intervertebral disc leakage is
the principal risk factor for these negative outcomes of PVP.
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Bone homeostasis has been a dynamic equilibrium between osteoclasts (OCs) and osteoblasts (OBs). However, excessive
activation of OCs could disturb the bone homeostasis. As a result, effective medical interventions for patients are greatly
demanding. NO/guanylate cyclase (GC)/cGMP signaling cascade has been previously reported to regulate bone metabolism,
and GC plays a significantly critical role. Vericiguat, as a novel oral soluble guanylate cyclase (sGC) stimulator, has been firstly
reported in 2020 to treat patients with heart failure. Nevertheless, the biological effects of Vericiguat on the function of OCs
have not yet been explored. In this present study, we found that Vericiguat with the concentration between 0 and 8μM was
noncytotoxic to bone marrow-derived monocyte-macrophage lineage (BMMs). Vericiguat could enhance the differentiation of
OCs at concentration of 500 nM, whereas it inhibited OC differentiation at 8 μM. In addition, Vericiguat also showed dual
effects on OC fusion and bone resorption in a dose-dependent manner. Furthermore, a molecular assay suggested that the dual
regulatory effects of Vericiguat on OCs were mediated by the bidirectional activation of the IκB-α/NF-κB signaling pathway.
Taken together, our present study demonstrated the dual effects of Vericiguat on the formation of functional OCs. The
regulatory effects of Vericiguat on OCs were achieved by the bidirectional modulation of the IκB-α/NF-κB signaling pathway,
and a potential balance between the IκB-α/NF-κB signaling pathway and sGC/cGMP/VASP may exist.

1. Introduction

Bone tissue consistently undergoes dynamic changes, by
means of new bone formation by osteoblasts (OBs) and
aging bone elimination by osteoclasts (OCs) [1, 2]. On the
contrary, excessive activation of OCs will trigger a disequi-
librium between OCs and OBs and thus cause osteolytic
bone diseases, such as osteoporosis [3]. Collectively, agents
targeting the suppression of the activation of OCs are still
clinically demanding.

Osteoclastogenesis is significantly necessary for bone
resorption. Normally, OCs are differentiated from bone
marrow-derived monocyte-macrophage lineage (BMMs),
under the stimulation of macrophage colony-stimulating

factor (MCSF) and receptor activator of nuclear factor-κ B
ligand (RANKL) [3, 4]. MCSF combined with RANKL will
further activate downstream signaling pathways, mitogen-
activated protein kinases (MAPK), NF-κB pathways, and
PI3K/AKT pathways [5, 6]. Then, the activated pathways
can activate nuclear factor of activated T cell cytosolic 1
(NFATc1) and c-Fos. These two factors induce the expres-
sion of OC-specific markers, including tartrate resistant acid
phosphatase (TRAP), cathepsin K (CTSK), calcitonin recep-
tor (CTR), and dendritic cell-specific transmembrane pro-
tein (DC-STAMP) [7]. Thus, mature OCs will produce a
tight sealing zone via the formation of F-actin and secrete
related enzymes into its sealing zone to accomplish the bone
resorption [7]. As a result, agents targeting RANKL/RANK
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signaling cascades are effective strategy to treat OC-related
bone diseases.

Previous studies have suggested that NO is widely
involved in regulating bone metabolism via directly activat-
ing guanylate cyclase (GC). Rangaswami et al. ever reported
that mechanical stimulation could induce OB proliferation
via NO/sGC/cGMP(cGMP) signaling cascades [8]. Further-
more, NO was demonstrated to regulate the mobility and
detachment of OCs in a concentration-dependent manner
via cGMP [9]. Nevertheless, the activated oxidative stress
mediated by NO has limited its clinical application [10].
Therefore, regulating the activity of cellular GC may provide
a novel perspective into the treatment of osteoporosis. In
fact, animal experiment by Joshua et al. has suggested that
treatment with soluble GC (sGC) activators could attenuate
estrogen deficiency-induced bone loss [11]. A recent study
reported that pharmacologically activating sGC in an NO-
or heme-independent manner could be a new therapeutic
strategy to suppress cementum loss [12]. Vericiguat, a novel
oral soluble guanylate cyclase (sGC) stimulator, has been
firstly reported to reduce the death incidence from cardio-
vascular causes or hospitalization for heart failure patients
in 2020 [13, 14]. However, the effects of Vericiguat on the
function of OCs remain elusive.

Therefore, this present study was aimed at investigating
the biological effects of Vericiguat on OC differentiation
and potential molecular mechanisms, which will provide
novel reference for future treatment of bone loss-related
diseases.

2. Materials and Methods

All animal experiments in this study complied with the
ARRIVE guidelines and were carried out in accordance with
the National Research Council’s Guide for the Care and Use
of Laboratory Animals.

2.1. Bone Marrow-Derived Macrophage (BMM) Isolation.
This method has been described in detail in our previous
study [15]. Briefly, the whole bone marrow fluid was flushed
from the mice femurs and tibias using a sterile 5ml syringe
with complete α-MEM (30ng/ml M-CSF) and then grown
in a T-25 cm2

flask for 5 days. Adherent cells were BMMs.
The harvested BMMs were used for the subsequent
experiments.

2.2. Cell Viability Assay. This method has been described in
detail in our previous study [15]. Vericiguat used in this
present study was purchased from MedChemExpress (HY-
16774). The cytotoxicity of Vericiguat on BMMs was exam-
ined by using the CCK-8 assay kit (Dojindo Institute of Bio-
technology, Kumamoto, Japan). Briefly, BMMs were seeded
in a 96-well plate (4-5 × 103 cells/well) for 24 hours. Then,
BMMs were added with Vericiguat (0, 10, 20, 50, 100, 200,
and 500 nM and 1, 2, 4, 8, and 10μM) for another 24 hours.
Subsequently, BMMs were incubated with 100μl CCK-8 test
solution in a 37°C incubator for 2-3 h. The absorbance was
detected at a wavelength of 450nm.

2.3. OC Differentiation Assay In Vitro. BMMs were cultured
with density of 10000 cells/well in a 96-well plate. RANKL
(50 ng/ml) without or with Vericiguat (0, 100μM, 500 nM,
1μM, 2μM, 4μM, and 8μM) was added at the second day
for 6 d. Recombinant mouse-derived M-CSF and RANKL
were purchased from Novoprotein Scientific Inc. (Pudong
New District, China). The identification of OC was evalu-
ated by TRAP staining using a tartrate resistant acid phos-
phatase staining kit (Sigma-Aldrich Institute of
Biotechnology, St. Louis, MO, USA). TRAP-positive cells
were observed and imaged using light microscopy (Nikon,
Tokyo, Japan).

2.4. F-actin Ring Assay and Bone Resorption Pit Assay. These
two methods have been described in detail in our previous
study [15]. Briefly, matured OCs were fixed using 4% para-
formaldehyde for 10 minutes, followed by permeabilization
in 0.1% Triton X-100 for another 10 minutes and then incu-
bation with phalloidin diluted solution (G1028, Servicebio,
Wuhan, China) for 2 h in the dark. Nuclei were stained with
DAPI staining. The F-actin belt was detected using fluores-
cence microscopy.

For the bone resorption assay, after BMMs fused, an
equal number of fused OCs were transplanted onto Corning
Osteo Assay Surface Multiple Well Plate (Corning, Inc.,
Corning, NY, USA). After OC adhesion, the cells were
treated with 0 and 500nM and 8μM Vericiguat for 2-3 days.
Subsequently, the cells on the plates were eliminated. The
percentage of the resorbed region was randomly measured
in totally three resorption sites from three independent
experiments using ImageJ (National Institutes of Health,
Bethesda, MD).

2.5. Real-Time Quantitative PCR (qRT-PCR). This method
has been described in detail in our previous study [15]. Total
cellular RNA was harvested using the RNA extraction kit
(Magen, Inc., Guangzhou, China). The acquired mRNA
was then reversed using HiScript® III RT SuperMix for
qPCR Kit (R323-01, Vazyme, Nanjing, China). Subse-
quently, the mRNA expression levels were detected by
qRT-PCR using the SYBR qPCR Master Mix (Q711-02,
Vazyme, Nanjing, China). The reaction conditions were
reported in our previous study as follows: one cycle at 95°C
for 30 s (step 1), followed by 40 cycles at 95°C for 10 s and
at 60°C for 30 s (step 2). All experiments were repeated for
3 times, and GAPDH was used as the internal reference.
The primer sequences used for qRT-PCR analysis are shown
in Table 1.

2.6. Western Blot. To investigate the effects of Vericiguat on
osteoclastogenesis-related signaling pathways, pre-OCs were
pretreated with α-MEM (nonserum and M-CSF) for 2 hours
followed by Vericiguat (0, 100 nM, 200 nM, 500nM, 2μM,
and 8μM) for 3-4 hours, and then, BMM cells were incu-
bated with RANKL (50 ng/ml) for another 30 minutes. In
terms of the protein expression level of c-Fos and NFATc1,
RANKL (50ng/ml) with Vericiguat (0, 100 nM, 500 nM,
1μM, 2μM, 4μM, 6μM, and 8μM) was added to BMMs
for 3 days. In addition, to confirm the effects of Vericiguat
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Table 1: Primers used for quantitative PCR.

Targeted gene Forward (5′-3′) Reverse (3′-5′)
GAPDH TGACCACAGTCCATGCCATC GACGGACACATTGGGGGTAG

c-Fos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA

NFATc1 CCGTTGCTTCCAGAAAATAACA TGTGGGATGTGAACTCGGAA

TRAP CTGGAGTGCACGATGCCAGCGACA TCCGTGCTCGGCGATGGACCAGA

CTR TGGTTGAGGTTGTGCCCA CTCGTGGGTTTGCCTCATC

CTSK CTTCCAATACGTGCAGCAGA TCTTCAGGGCTTTCTCGTTC

DC-STAMP TCCTCCATGAACAAACAGTTCCAA AGACGTGGTTTAGGAATGCAGCTC

VASP GTGCGGAAGGAGCTACAGA AGGCAGGGAAAGCAGGT
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Figure 1: Molecular structure and cytotoxicity of Vericiguat on bone marrow-derived monocyte-macrophage lineage (BMMs). (a)
Molecular structure of Vericiguat; (b) BMM cell viability as detected by CCK-8 assay after treatment with indicated concentrations of
Vericiguat for 24 h. Data are presented as mean ± standard deviation (n = 5). (c) The IC50 values of Vericiguat against BMMs. (d, e) The
effect of Vericiguat on apoptosis-related markers, Bax and Bcl-2, in BMMs and quantitative results (n = 3). ∗ indicated a comparison
with the control group (0 nM): ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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(500 nM and 8μM) on the protein expression of NFATc1
and c-Fos, we also evaluated the cytoplasmic and nuclear
protein expression of NFATc1 for 0, 2, and 4 days,
respectively.

The method of protein extraction has been described in
detail in our previous study [15]. Briefly, BMMs were lysed
in RIPA on the ice, and the protein amount was quantified
using the protein measurement kit (Beyotime Institute of
Technology, Shanghai, China). A total of 20-30μg protein
per lane was separated by means of electrophoresis (10%
sodium dodecyl sulphate polyacrylamide gel, 80V,
110min). Subsequently, the isolated protein bands were
transferred onto the polyvinylidene fluoride membrane

(EMD Millipore, Billerica, MA, USA) for 100 minutes, with
the voltage of 100V. Next, blocking was conducted by using
5% nonfat milk (Invitrogen, San Diego, CA, USA) dissolving
in Tris-buffered saline-Tween for 3 hours at appropriately
28°C. Then, the PVDF membranes were washed for three
times (5min per time) using TBST. The membranes were
then immersed in specific primary antibodies at 4°C for
one night. On the second day, the membranes were sub-
merged in the secondary antibodies (goat against rabbit or
mouse, 1 : 1000-5000) for 2-3 hours at appropriately 28°C.
Finally, the protein bands were captured using the Imaging
System (version 5200, Tanon Science & Technology Co.,
Ltd., Shanghai, China).
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Figure 2: Vericiguat dually regulated RANKL-triggered osteoclast formation in vitro. (a) Representative images of TRAP-positive
osteoclasts (red circles) after stimulation with RANKL and indicated concentrations of Vericiguat (n = 3). Image was used as the negative
control (BMMS without RANKL). (b) The number and the size of TRAP+ multinucleated osteoclasts were quantified. n = 3 means three
independent experiments. ∗ indicated a comparison with the control group (without RANKL and Vericiguat): ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p
< 0:001, and ∗∗∗∗p < 0:0001. # indicated a comparison between the group with RANKL only and the group with RANKL and Vericiguat:
#p < 0:05, ##p < 0:01, ###p < 0:001, and ####p < 0:0001. ns: not statistically significant. Scar bar = 100 μm.
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Figure 3: Continued.
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Specific primary antibodies in this study mainly included
Bax (342772, 17 kDa; Zenbio, Chengdu, China, 1 : 500), Bcl-2
(250198, 26 kDa; Zenbio, Chengdu, China, 1 : 500), NF-κB
p65 (D14E12, #8242, Cell Signaling Technology, Inc., 3
Trask Lane, Danvers, USA), p-p65 (Ser536; #3033, Cell Sig-
naling Technology, Inc., 3 Trask Lane, Danvers, USA), Ik-Ba
(380682, 35 kDa; Zenbio, Chengdu, China, 1 : 1,000), p-Ik-Ba
(340776, 35 kDa; Zenbio, Chengdu, China, 1 : 1,000), ERK1/
2 (201245-4A4, 42/44 kDa; Zenbio, Chengdu, China,
1 : 1,000), p-ERK1/2 (301245, 42/44 kDa; Zenbio, Chengdu,
China, 1 : 1,000), p38 (200782, 43 kDa; Zenbio, Chengdu,
China, 1 : 500), p-p38 (310069, 43 kDa; Zenbio, Chengdu,
China, 1 : 1,000), JNK (381100, 46/54 kDa; Zenbio, Chengdu,
China, 1 : 1,000), p-JNK (380556, 46/54 kDa; Zenbio,
Chengdu, China, 1 : 1,000), c-Fos (9F6, #2250, Cell Signaling
Technology, Inc., 3 Trask Lane, Danvers, USA), NFATc1
(#8032; D15F1, Cell Signaling Technology, Inc., 3 Trask
Lane, Danvers, USA), AKT (#4691; D15F1, Cell Signaling
Technology, Inc., 3 Trask Lane, Danvers, USA), p-AKT
(#4060; D15F1, Cell Signaling Technology, Inc., 3 Trask
Lane, Danvers, USA), mTOR (380411, 289 kDa; Zenbio,
Chengdu, China, 1 : 500), p-mTOR (381548, 289 kDa; Zen-
bio, Chengdu, China, 1 : 500), GAPDH (#5174, D16H11,
Cell Signaling Technology, Inc., 3 Trask Lane, Danvers,
USA), and histone H3 (250182, 15 kDa; Zenbio, Chengdu,
China, 1 : 1,000).

2.7. Nuclear Translocation of the NF-κB p65 Assay. This
method has been described in detail in our previous study
[15]. Briefly, BMMs were incubated with α-MEM (without
serum and M-CSF) for 2 hours, and then, the wells were
added with Vericiguat (0, 500 nM, and 8μM) for 3 hours,
followed by stimulation with or without RANKL (50ng/
ml) for 30 minutes. Subsequently, the BMMs were fixed
for 30 minutes using 4% paraformaldehyde and perme-
abilized for another 30 minutes in 0.1% Triton X-100. Next,
cells were immerged in nonfat milk (5%) in PBST for 2-3
hours, followed by incubation with the p65 primary anti-
body for one night at 4°C. Finally, cells were added with

FITC-conjugated goat anti-rabbit IgG (Servicebio, Wuhan,
China) for 50 minutes, and then, the nucleus was stained
with DAPI (Sigma; St. Louis, MO, USA) for 5 minutes. Cells
were washed three times using PBS and imaged using a laser
scanning confocal microscope.

2.8. Transfection of si-VASP. The siRNA of VASP was
designed and purchased from GenePharma (Shanghai,
China). si-RNA was transfected into cells by means of Lipo-
fectamine 3000 (Thermo Fisher Scientific, USA). The
expression of mRNA and protein was evaluated after 24 h
and 48h, respectively. The highest efficiency for knockdown
of VASP was as follows: forward (GAGCCAAACUCAGG
AAAGUTT) and reverse (ACUUUCCUGAGUUUGGCUC
TT).

2.9. Molecular Modeling Experiments. Molecular modeling
experiments were performed using the Schrӧdinger Maestro
9.0 package. Receptor docking (Glide), combined with the
protein structure prediction, was used to analyze ligand
and receptor flexibility based on the program Prime. In
order to prepare protein, the program Protein Preparation
Wizard was used to prepare the IKKβ cocrystal structure
by means of the Schrödinger Maestro suite prior to perform-
ing docking experiments. Water molecules were firstly
removed from the crystal structure, followed by adding the
hydrogen atoms, and then, the resultant structure was
refined using OPLS_2005 force field. The minimization
ended with hydrogens. Subsequently, the Receptor Grid
Preparation option present in Glide was utilized to produce
the protein grid, and the protein grid was subsequently
applied to docking experiments. The van der Waals radius
scaling factor was set to 1.0 (the partial charge cutoff was
0.25). The ligand was prepared with LigPrep in Maestro
9.0 and the OPLS_2005 force field. Epika was used to pro-
duce possible states at target pH7:00 ± 3:00. Ligand docking
options were used in Glide for the first round of docking
experiments. In terms of setting, XP (extra precision), “dock
flexibly,” “sample nitrogen inversions,” “sample ring
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Figure 3: Vericiguat dually regulated the formation of F-actin ring and bony resorption of osteoclasts. (a) Representative images of F-actin-
stained osteoclasts under the stimulation of RANKL for 7 d with 500 nM and 8μM Vericiguat, respectively. (b) The average number and
area of F-actin ring (c) (n = 3). (d) Representative images of bony resorption (white area circled by a red dotted line) by mature
osteoclasts. (e) The bony resorption area was quantified. Values are presented as the mean ± standard deviation (n = 3). ∗ indicated a
comparison with the control group (Vericiguat, 0 nM): ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001. Scale bar = 500 μm.
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Figure 4: Continued.
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conformation,” and “Epik state penalties” were selected to
the docking score.

2.10. Establishment of the Ovariectomy- (OVX-) Induced
Bone Loss Model In Vivo and Evaluation of the Therapeutic
Effects of Vericiguat. This procedure has been reported in
our previous study [15]. According to the study design, the
C57BL/6 was randomly divided into four groups (n = 5):
sham group (mock operation with DMSO injection), OVX

group (OVX with DMSO injection), low-dose group (OVX
with low-dose Vericiguat, 5μg/kg/day), and high-dose group
(OVX with high-dose Vericiguat, 10μg/kg/day). After end-
ing the experiment, the femurs were collected for microcom-
puted tomography (micro-CT) analysis [15]. In addition,
after μCT analysis, the bone samples were further decalcified
in EDTA solution (10%) for another 4 weeks and then
embedded in paraffin blocks for subsequent sectioning. Sec-
tions were then stained with hematoxylin eosin or TRAP
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Figure 4: Vericiguat dually regulated RANKL-triggered osteoclast-specific gene expression in osteoclast formation. (a) The relative mRNA
expression of osteoclast marker genes (c-Fos, NFATc1, TRAP, CTSK, CTR, and DC-STAMP) in BMMs treated with RANKL+MCSF, as well
as indicated concentrations of Vericiguat, for three days was quantified by qRT-PCR (n = 3). Values are presented as the mean ±
standard deviation. ∗ indicated a comparison with the control group (Vericiguat, 0 nM): ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗ ∗p
< 0:0001. (b, c) Western blot analysis results on the protein expression levels of OC-related markers including c-Fos and NFATc1 in
BMM cells stimulated with RANKL for 5 d without or with Vericiguat with indicated concentrations and quantitative results (n = 3). ∗
indicated a comparison with the control group (Vericiguat, 0 nM): ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001. (d, e) The
cytoplasmic and nuclear fractions of the BMMs treated with 30 ng/mL M-CSF, 50 ng/mL RANKL, and Vericiguat (500 nM and 8 μM) for
0, 2, and 4 d, respectively, were analyzed by western blotting and quantitative results. GAPDH and histone H3 were used as nuclear and
cytoplasmic loading controls, respectively (n = 3). ∗ indicated a comparison with the control group (Vericiguat, 0 nM) regarding the
protein expression of NFATc1 within the cytosol at day 4 after stimulation: ∗∗∗p < 0:001 and ∗∗∗∗p < 0:0001. # indicated a comparison
with the control group (Vericiguat, 0 nM) regarding the protein expression of NFATc1 within the nucleus at day 4 after stimulation:
####p < 0:0001. (f) Immunofluorescence results of the nuclear translocation of NFATc1 at day 4 after stimulation showed that Vericiguat
at low concentration promoted the nuclear translocation of NFATc1, whereas high-concentration Vericiguat suppressed this effect. ns:
not statistically significant. Scale bar = 100μm.
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staining. The area and the number of OCs were quantified
using the ImageJ software (National Institutes of Health,
Bethesda, MD) [15].

3. Statistical Analysis

Statistical analyses were carried out by means of GraphPad
Prism 8 (GraphPad Software Inc.; La Jolla, CA). The quanti-
fied data were presented as mean ± standard deviation. All
experiments were repeated independently at least for three
times. One-way analysis of variance (ANOVA) was per-
formed, followed by the Student–Neuman–Keuls as the post
hoc test. A p value < 0.05 was considered to indicate statisti-
cal difference.

4. Results

4.1. Cytotoxicity Effect of Vericiguat on BMMs. Figure 1
shows the chemical structure of Vericiguat (Figure 1(a)).
The cell viability was detected using the CCK-8 viability
assay, and we found that Vericiguat below 8μM showed
no cytotoxicity to BMMs, with the IC50 being 746μM
(Figures 1(b) and 1(c)). In addition, we evaluated the expres-
sion of apoptosis-related markers, Bax and Bcl-2, and found
similar results to those of the CCK-8 assay (Figures 1(d) and
1(e)). The results above indicated that the concentration
range of Vericiguat between 0 and 8μM was noncytotoxic
to BMMs.

4.2. Dual Effects of Vericiguat on RANKL-Induced
Osteoclastogenesis In Vitro. According to the results above,
we explored the effects of Vericiguat on RANKL-induced
functional OCs in vitro. As shown in Figure 2(a), Vericiguat
enhanced differentiation of OCs at concentrations of
100nM, 500nM, and 1μM, but it inhibited differentiation
at 4μM and 8μM in terms of the number and size of OCs
(Figures 2(a) and 2(b)).

These results above indicated that Vericiguat showed
dual effects on RANKL-induced osteoclastogenesis in vitro.

4.3. Vericiguat Dually Regulated RANKL-Mediated OC
Formation and Bony Resorption in a Concentration-

Dependent Manner. The formation of the F-actin belt has
been the most typical feature of mature OCs [15]. As shown
in Figure 3, mature OCs have a typical F-actin ring
(Figure 3(a)). However, the F-actin belt surrounding the
OCs was increased under low concentration of Vericiguat
(500 nM) but decreased when the concentration of Verici-
guat was high (8μM) (Figure 3(a)). The number and size
of the F-actin belt also showed similar tendency to the
FITC-phalloidin staining (Figures 3(b) and 3(c)).

In addition, we explored whether Vericiguat could affect
the bony resorption of OCs. BMMs were grown onto the
plate (M-CSF 30ng/ml, RANKL 50ng/ml) with Vericiguat
of different concentrations. As suggested in Figure 3, the area
of bone resorption was expanded under Vericiguat at low con-
centration (500nM) but decreased when the concentration of
Vericiguat was high (8μM) (Figures 3(d) and 3(e)).

Collectively, Vericiguat showed dual effects on the
RANKL-induced formation of the F-actin belt and bony
resorption in a concentration-dependent manner.

4.4. Vericiguat Dually Regulated RANKL-Mediated OC
Marker Gene Expression during Osteoclastogenesis. After
treatment with Vericiguat (0, 100 nM, 500nM, 2μM, 4μM,
and 8μM), the mRNA expression of OC marker genes was
markedly upregulated in the low-concentration group
(100 nM, 500 nM, and 2μM) during osteoclastogenesis,
including c-Fos, NFATc1, TRAP, DC-STAMP, CTR, and
CTSK. On the contrary, the mRNA expression of those
genes was significantly downregulated in the high-
concentration group (4μM and 8μM) (Figure 4(a)).

RANKL leads to the induction and activation of NFATc1
and c-Fos, the two critical factors for osteoclastogenesis [16].
Resultantly, we explored the effects of Vericiguat on the pro-
tein expression of these two markers. Western blot results
revealed that the expression of these two markers was
enhanced at low concentration (100 nM-2μM) but
decreased at high concentration (8μM), consistent with the
results of qRT-PCR above (Figures 4(b) and 4(c)). NFATc1
nuclear translocation exerts a critical role in the regulation
of the transcription of OC-related genes, such as DC-
STAMP, TRAP, CTR, and CTSK [17]. Western blot
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Figure 5: Vericiguat dually regulated RANKL-triggered activation of IκB-α/NF-κB signaling pathway. (a, b) Western blot results of the
expression of osteoclast-related signaling pathways (NF-κB, AKT, and MAPK) with or without RANKL stimulation (n = 3). ∗ indicated a
comparison with the control group without RANKL. (c, d) Western blot results of the expression of IκB-α and NF-κB in BMMs after
treatment with RANKL (50 ng/ml) for 30min followed by Vericiguat with indicated concentrations. (e) Immunofluorescence staining of
RANKL-induced P65 nuclear translocation with or without Vericiguat with indicated concentrations. (f, g) Western Blot and quantified
results of MAPK and AKT in BMMs after treatment with RANKL (50 ng/ml) for 30min followed by Vericiguat with indicated
concentrations. n = 3 means three independent experiments. ∗ indicated a comparison with the control group (Vericiguat, 0 nM): ∗p <
0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001. ns: not statistically significant. Scale bar = 100μm.
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suggested that RANKL triggered NFATc1 translocation into
the nucleus during OC differentiation in a time-dependent
manner (Figures 4(d) and 4(e)). Vericiguat promoted the
RANKL-induced nuclear translocation of NFATc1 in the
low-concentration group (500 nM), whereas this effect was
inhibited in the high-concentration group (8μM)
(Figures 4(d) and 4(e)). Immunofluorescence results of the
nuclear translocation of NFATc1 at day 4 after stimulation
showed similar tendency to the results of Western blot
(Figure 4(f)).

Therefore, these results confirmed the dual effects of
Vericiguat on RANKL-induced osteoclastogenesis in vitro.

4.5. Vericiguat Dually Regulated RANKL-Induced Activation
of the NF-κB Signaling Cascade. As shown in Figure 5,
RANKL significantly induced the activation of the NF-κB
signaling pathway, MAPK signaling pathways (p38, JNK,
and ERK), and AKT signaling pathway (Figures 5(a) and
5(b)). To identify the changes of those signaling pathways
during OC development after stimulation with Vericiguat,
we examined the activation of those critical pathways. As
demonstrated in Figure 5, the activation of the IκB-α/p65
signaling pathway was dually regulated by Vericiguat in a
concentration-dependent manner. The phosphorylation of
IκB-α and p65 was enhanced in the low-concentration group
(100 nM-2μM) but decreased at high concentration (8μM)
(Figures 5(c) and 5(d)). In addition, the early nucleus trans-
location of p65 after RANKL stimulation with or without
Vericiguat as determined by the immune-fluorescent stain-
ing suggested an increasing trend at low concentration and

a decreasing trend at high concentration (Figure 5(e)). How-
ever, the MAPK (p38, JNK, and ERK) signaling pathway and
AKT signaling pathway were not affected by Vericiguat
stimulation (Figures 5(f) and 5(g)).

Taken together, the results above suggested that Verici-
guat was involved in OC differentiation via dually regulating
the activation of the IκB-α/NF-κB signaling pathway.

4.6. VASP Was Essential to OC Differentiation, and the
Expression of VASP Could Be Promoted by Vericiguat. The
activated sGC would excessively induce the activation of
the VASP (vasodilator-stimulated phosphoprotein) [18].
Therefore, we evaluated the expression of VASP in BMMs
and found the increasing expression of VASP induced by a
dose-dependent manner of Vericiguat with RANKL
(Figure 6(a)). In order to investigate the potential dually reg-
ulative effects of Vericiguat on OC differentiation, we firstly
evaluated the expression of VASP in BMMs induced by
RANKL and found that RANKL could dose-dependently
increase the expression of VASP (Figures 6(b) and 6(c)). In
addition, mature OC also highly expressed VASP, and VASP
protein was primarily distributed surrounding the cell mem-
brane (Figure 6(d)). However, OC differentiation was signif-
icantly disturbed after silencing the expression of VASP via
siRNA in BMMs, as shown by downregulated expression
of OC-related marker genes (c-FOS, NFATc1, TRAP, and
β3-integrin) (Figures 6(e)–6(m)). The results above sug-
gested that VASP was essential to OC differentiation. How-
ever, the promotive effect of Vericiguat only on the amount
of p-p65 was blocked by the silencing of VASP (Figures 6(n)
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Figure 6: VASP was essential to osteoclast differentiation, and the expression of VASP could be promoted by Vericiguat. (a) VEGT
augmented the expression of VASP in a dosage-dependent manner (n = 3). (b, c) RANKL enhanced the expression of VASP in a dosage-
dependent manner and quantitative results (n = 3). ∗ indicated a comparison with the control group without RANKL. (d)
Immunofluorescence position of VASP in BMMs with or without RANKL. (e) The mRNA expression of VASP in BMMs after treatment
with siRNA (n = 3); ∗ indicated a comparison with the control group (si-NC). (f, g) The protein expression of VASP in BMMs after
treatment with siRNA and quantitative results (n = 3). ∗ indicated a comparison with the control group (si-NC). (h–l) The mRNA
expression of OC-related genes in BMMs after treatment with siRNA (n = 3). ∗ indicated a comparison with the control group: ∗p < 0:05
, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001. # indicated a comparison between the group with si-VASP and the group with si-NC:
#p < 0:05, ##p < 0:01, ###p < 0:001, and ####p < 0:0001. (m) The protein expression of osteoclast-related genes in BMMs after treatment
with siRNA and quantitative results (n = 3). (n, o) The expression of NF-κB protein in BMMs with or without siRNA-VASP treated with
Vericiguat only (n = 3). (p) The mRNA expression of osteoclast-related genes (NFATc1, TRAP, and β3-Integrin) in siRNA-VASP-
induced BMMs compared with siRNA-NC-induced BMMs (n = 3); ∗ indicated a comparison with the control group (Vericiguat, 0 nM)
in the siRNA-NC group and si-VASP group, respectively: ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001. # indicated a
comparison between the siNC-induced group and si-VASP-induced group at the same concentration of Vericiguat: #p < 0:05, ##p < 0:01,
###p < 0:001, and ####p < 0:0001. Scale bar = 100μm.
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and 6(o)). Notably, in the presence of MCSF and RANKL,
after silencing of VASP, the promotive effect of Vericiguat
(500μM) on OC differentiation was also blocked, whereas
the suppressive effect of Vericiguat (8μM) on osteoclast dif-
ferentiation was enhanced (Figure 6(p)). The results above
suggested that VASP could mediate the promotive effect of
Vericiguat on the phosphorylation of p65 under low concen-
tration with or without the presence of MCSF and RANKL.

4.7. Dual Bioeffects of Vericiguat on OC Formation and Bony
Resorption via a Balance between VASP and NF-κB. How-
ever, the inhibitory effect of high-dose Vericiguat on OC dif-
ferentiation remains unclear. Further, we explored the
expression of the NF-κB signaling cascade in BMMs treated
with Vericiguat only and found that Vericiguat could also
dually regulate the activation of NF-κB without MCSF and
RANKL (Figures 7(a) and 7(b)). Regarding the repressive
effect of Vericiguat on OC differentiation at high concentra-
tion, we deduced that high-dose Vericiguat may directly dis-
turb the activation of the NF-κB signaling cascade.
Therefore, we introduced molecular modeling experiments
and found that Vericiguat possessed similar molecular struc-
ture to the ligand of IKKβ and could directly bind to the
ATP binding pocket of the IKKβ kinase domain function
via hydrogen bond. However, the binding site was Thr23,
but not the activated site, Cys99, which may be the reason
for the inhibitory effect of Vericiguat on OC differentiation
at high concentration (Figure 7(c)). In addition, blocking
the activation of p65 could also disturb the promotive effect
of Vericiguat on OC differentiation and enhance the sup-
pressive effect of Vericiguat on OC differentiation
(Figures 7(e) and 7(f)). Here, we hypothesized that Verici-
guat may regulate OC differentiation via VASP/NF-κB sig-
naling crosstalk.

Taken together, at low concentration, Vericiguat domi-
nantly showed promotive effect on OC differentiation via
the VASP/NF-κB signaling axis, whereas at high concentra-
tion, the increased binding of Vericiguat to IKKβ kinase
would result in the deactivation of p65 and inhibit OC dif-
ferentiation (Figure 8).

4.8. Validation of the Effects of Vericiguat on OVX-Induced
Bone Loss In Vivo. As shown in Figure 9, the micro-CT
results of BMD, BS/BV, BV/TV, Tb.N, Tb.Th, and Tb.Sp
suggested that OVX mice exhibited obvious loss of trabecu-
lar bone, whereas this effect was restored by Vericiguat
administration, either low or high dose (Figures 9(a) and
9(b)). However, the promotive effect of low-concentration
Vericiguat on OC differentiation in vitro was not consistent
with results in vivo. We deduced that there may be two rea-
sons. Firstly, the low and high concentrations of Vericiguat
in vitro cannot be considered equal to low and high doses
in vivo. Secondly, cinaciguat, the same kind of Vericiguat,
has been reported to promote OB differentiation and
improve OVX-mediated bone loss [11]. Therefore, the
proosteogenic effect of Vericiguat may in part offset the
probony resorption at low concentration. Analysis of corti-
cal bone parameters, BMD, BV/TV, Ct.th, Ct.Ar, Th.Ar,
and Ct.Ar/Th.Ar, showed that OVX decreased the amount
of cortical bone, whereas Vericiguat, especially at high doses,
ameliorates the effect caused by OVX compared to the OVX
group and sham group (Figures 9(c) and 9(d)). Collectively,
the bioeffects of Vericiguat in vitro cannot be equal to those
in vivo due to complex body environment.

As to histological analysis, H&E staining of the collected
femurs suggested that the area of trabecular bone was mark-
edly reduced in OVX mice, whereas mice treated with Veri-
ciguat showed marked improvement of the trabecular bone
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Figure 7: Dual effects of Vericiguat on osteoclast differentiation and bone resorption via a balance between VASP and NF-κB. (a, b) The
expression of NF-κB protein in BMMs treated with Vericiguat only (n = 3). ∗ indicated a comparison with the control group (Vericiguat,
0 nM). (c) (A) The predicted optimal binding manner of Vericiguat at the ATP binding site of IKKβ protein; hydrogen bonds (yellow
lines). (B) MOLCAD representation showed the molecular lipophilic potential surface upon the bioactive pose of Vericiguat at the ATP
binding site of IKKβ. The blue represented hydrophilic, red represented lipophilic, and gray represented neutral moiety. Hydrogen bonds
were displayed as yellow lines. (C) The overlap analysis of Vericiguat and the ligand of IKKβ and the participating amino acid residue
(Thr23) were marked. (d) TRAP staining of RANKL-induced BMMs treated with Vericiguat with or without the NF-κB inhibitor ROC-
A. (e, f) The expression of NF-κB in RANKL-induced BMMs treated with Vericiguat with or without the NF-κB inhibitor ROC-A. Scale
bar = 500 μm.
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area (Figure 10(a)). TRAP staining showed obvious
enhancement in the total number and area of TRAP+ OCs
along the trabecular bone in OVX mice, whereas Vericiguat
decreased the area and the number of TRAP+ OCs per bone
surface area (Figure 10(b)).

5. Discussion

Excessive activation of OCs may contribute to various OC-
related diseases, such as rheumatoid arthritis and osteoporo-
sis [19–22]. Thus, timely medical therapy targeting OCs is
necessary for treating OC-related diseases [23, 24]. This
present study firstly showed that Vericiguat dually regulated
OC differentiation and bony resorption in mouse BMMs via
bidirectionally affecting the activation of the IκB-α/NF-κB
signaling pathway and nuclear translocation of NFATc1 in
a dose-dependent manner. In fact, there are plentiful agents
reported to possess dual effects according to concentration
[25]. For OCs, baicalin has been reported to exert dual
effects on OC formation in a concentration-dependent man-
ner [26]. Compounds with dual effects have important clin-
ical applications. Consequently, analyzing the effects of

Vericiguat on the differentiation of OCs may deepen our
understanding of the relationship between the pharmacolog-
ical effects and dosage of Vericiguat on bone metabolism
and also provide some medical references for future clinical
application of Vericiguat to cardiovascular diseases.

The NO/GC/cGMP signaling cascade has been widely
reported in regulating bone metabolism, and GC plays a sig-
nificantly critical role [27, 28]. However, there exists contro-
versy regarding the effect of NO/GC/cGMP on OCs [27–30].
Yaroslavskiy et al. ever reported NO-stimulated OC motility
at low concentration, whereas at high concentrations, NO
caused OC detachment and terminated resorption. And this
effect was accomplished via the GC/cGMP/VASP cascade
[9]. Another study from Joshua’s team reported that cinaci-
guat (BAY 58–2667), a prototype of direct sGC activators,
could reverse OVX-induced osteocyte apoptosis as efficiently
as estradiol and promoted bone formation in vivo [11].
However, they found that the antiosteoporosis by cinaciguat
was associated with enhancing function of OB, but not with
the changes of OCs [11]. Nevertheless, Homer et al. found
that oral administration of the sGC agonist could increase
the number of OCs and bone resorption in the axial skeleton
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Figure 8: Dual effect of Vericiguat on RANKL-induced osteoclastogenesis and molecular mechanism. There may be a potential balance
between the IκB-α/NF-κB signaling pathway and sGC/cGMP/VASP in BMMs. Vericiguat at low doses (0-2μmol/l) enhanced RANKL-
induced osteoclastogenesis dominantly through upregulation of the VASP/IκB-α/NF-κB signaling pathway, whereas Vericiguat at high
doses (4 or 8μmol/L) suppressed RANKL-induced osteoclastogenesis through directly inhibiting the IκB-α/NF-κB signaling pathway
signaling cascade, which could disturb VASP-mediated activation of the IκB-α/NF-κB signaling pathway.
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Figure 9: Continued.
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of Sprague-Dawley rats [31]. In fact, after careful studying
the figures presented in Joshua’s research, we found the
decreased tendency regarding the number of OCs and
eroded surface in the OVX+ cinaciguat group compared to

the OVX group, although they demonstrated no statistical
difference. Firstly, we deduced that the dose used in their
mouse model (10μg/kg/day) may not reach the key point.
In fact, the dose could be 10mg/kg/day in animals [32].
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Figure 9: Validation of the effects of Vericiguat on OVX-induced bone loss in vivo indicated by microstructure analysis. (a) Representative
3-dimensional images of μCT for mouse femur from the sham group (mock operation with DMSO injection), OVX group (OVX with
DMSO injection), low-dose group (OVX with low-dose Vericiguat, 5μg/kg/day), and high-dose group (OVX with high-dose Vericiguat,
10μg/kg/day) (n = 5). (b) Quantitative results of bone structural parameters, including trabecular bone mineral density (BMD, g/cc),
bone surface area/total volume (BS/TV; %), bone volume/total volume (BV/TV; mm−1), trabecular number (Tb.N; mm−1), trabecular
spacing (Tb.Sp; mm), and trabecular thickness (Tb.Th; mm) within the selected metaphyseal region (n = 5). (c) Representative 3-
dimensional images of μCT for the mouse femur (cortical bone) from different groups above. (d) Quantitative results of bone structural
parameters, including cortical bone mineral density (BMD; g/cc), bone volume/total volume (BV/TV; mm−1), total cross-sectional area
inside the periosteal envelope (Tt.Ar; mm2), cortical bone area (Ct.Ar; mm2), cortical area fraction (Ct.Ar/Tt. Ar; %), and average
cortical thickness (Ct.Th; mm). ∗ indicated a comparison with the sham group: ∗∗∗p < 0:001 and ∗∗∗∗p < 0:0001. # indicated a
comparison between the VEGT-L/H group and OVX group at the same concentration of Vericiguat: ##p < 0:01, ###p < 0:001, and
####p < 0:0001. ns: not statistically significant.
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Secondly, cinaciguat can be orally absorbed, but they chose
ip injection. Thirdly, they did not perform the in vitro exper-
iment regarding OCs. In addition, the abnormally high stan-
dard deviation regarding the number of OCs and eroded
surface may also affect the real statistical results. Therefore,
the exact mechanism of SC activators on OCs needs further
investigation. In this present in vitro study, we found that
Vericiguat could enhance RANKL-induced formation of
functional OC under low concentration, whereas this effect
was converted to inhibitory effect when BMMs were cocul-
tured with Vericiguat at high concentration. What is more,
Vericiguat also had dually regulatory effects on the
RANKL-induced bone-resorbing ability. Collectively, these
results suggested that Vericiguat dually regulated OC differ-
entiation and bony resorption in mouse BMMs.

After RANKL binding to its receptor RANK on pre-OCs,
RANKL would activate nuclear receptor NFATc1 and c-Fos
[7]. NFATc1 has been one of the critical transcriptional reg-
ulators for RANKL-mediated OC differentiation [33]. After
activation, NFATc1 will translocate into the nucleus and

induce the expression of OC-specific genes, including DC-
STAMP, TRAP, CTSK, and CTR [4, 34]. Our study sug-
gested that Vericiguat dually regulated RANKL-induced
expression of NFATc1 and its nuclear translocation during
OC differentiation. In addition, the similar tendency regard-
ing the mRNA expression changes of OC-specific genes
(DC-STAMP, TRAP, CTSK, and CTR) also confirmed the
bidirectional regulatory effects of Vericiguat on osteoclasto-
genesis. During osteoclastogenesis, c-Fos is also an essential
mediator for osteoclastogenesis [4, 34]. Meanwhile, c-Fos is
also involved in regulating the partial function of NFATc1
[4, 34]. In this present study, Vericiguat showed similar reg-
ulatory effects on RANKL-triggered expression of c-Fos
under both mRNA and protein levels. Taken together, the
results above indicated the dual effects of Vericiguat on
RANKL-induced mature OC formation by regulating the
transcriptional activity of c-Fos and NFATc1 and down-
stream critical OC-related gene expression.

During OC differentiation, NF-κB, MAPK (ERK, p38,
and JNK), and AKT signaling pathways are critically
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Figure 10: Validation of the effects of Vericiguat on OVX-induced bone loss in vivo indicated by histological analysis. (a) Representative
images of H&E staining and TRAP staining within the selected metaphyseal region from the sham group, OVX group, low-dose group,
and high-dose group (n = 5). (b) The number and area of TRAP+ cells per bone surface were quantified. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p <
0:001, and ∗∗∗∗p < 0:0001. Scale bar = 100 μm.
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activated after RANKL stimulation [7]. Interestingly, in this
present study, we found that Vericiguat dually regulated the
phosphorylation of NF-κB and the nuclear translocation of
p65 in a dosage-dependent manner, without affecting
MAPK and AKT signaling pathways. sGC activators could
increase the amount pf sGC, which would excessively induce
the activation of the VASP [18]. To further expound the
potential regulatory mechanism through which Vericiguat
regulated the NF-κB pathway, we found increasing expres-
sion of VASP induced by either Vericiguat only or RANKL
in a dose-dependent manner. Furthermore, in vitro experi-
ment suggested that VASP was essential to OC differentia-
tion, consistent with a recent study from Hu et al. [35].
Additionally, we found that Vericiguat only could also
dually regulate the activation of NF-κB. However, the pro-
motive effect of Vericiguat on the expression of p-p65 was
blocked by knocking down VASP, indicating that VASP
may participate in OC differentiation via increasing the acti-
vation of the NF-κB signaling cascade. However, with the
increasing dose of Vericiguat imposed on BMMs, this pro-
motive effect was missing. The results of molecular modeling
experiments confirmed our hypothesis that high-dose Veri-
ciguat may directly disturb the activation of the NF-κB sig-
naling cascade. In fact, Flores-Costa et al. reported that
another sGC stimulator, praliciguat, could also reduce the
phosphorylation of IκB and NF-κB to exert anti-
inflammatory effect [35]. We deduced that Vericiguat may
dominantly activate the sGC/VASP/IκB-α/NF-κB signaling
pathway at low concentration. Nevertheless, with the
increasing dose imposed on BMMs, Vericiguat would
directly bind to IKKβ to suppress nuclear factor-κB (NF-
κB) activity. Thus, a delight balance between the IκB-α/
NF-κB signaling pathway and sGC/cGMP/VASP may exist.

Despite these promising results above, there are several
limitations in this present study. Firstly, this present study
demonstrated the dual effects of Vericiguat on osteoclasto-
genesis, which was inconsistent with most of previous stud-
ies that NO/sGC/cGMP inhibits OC differentiation and
maturation. We proposed a delight balance between the
IκB-α/NF-κB signaling pathway and sGC/cGMP/VASP. At
low concentration, the enhanced effect of RANKL-induced
osteoclastogenesis by Vericiguat may be associated with the
activated VASP/IκB-α/NF-κB signaling pathway. However,
with the increasing concentration of Vericiguat, the direct
inhibition of the IκB-α/NF-κB signaling pathway would
dominantly counteract the promoting effect of VASP on
the IκB-α/NF-κB signaling pathway and suppress osteoclas-
togenesis. However, the exact mechanism of Vericiguat on
OC differentiation needs further investigation. Secondly,
bone loss in vivo is a complex biological process related to
various factors, such as estrogen deficiency, inflammatory
condition, or aging [36–38]. We only used one model in this
present study and confirmed the protective effect of Verici-
guat on OVX-induced bone loss at a high dose. However,
the promotive OC differentiation of low-concentration Ver-
iciguat in vitro was not validated in vivo. Therefore, more
bone loss model in vivo experiment will be required to con-
firm the dual effects of Vericiguat on bone loss, such as the
LPS-induced inflammatory bone loss model. Thirdly, OBs

also play a critical role in bone metabolism. Therefore, the
biological effects of Vericiguat on OBs in vitro and in vivo
also need to be explored, although other sGC activator, such
as cinaciguat, has been reported to increase the proliferation,
differentiation, and survival of OBs [11]. Our study will fur-
ther focus on the effect of Vericiguat on OB differentiation
both in vivo and in vitro.

In conclusion, our present study demonstrated the dual
effects of Vericiguat on the formation of functional OCs in
a concentration-dependent manner. The regulatory effect
of Vericiguat on OCs was achieved by the bidirectional acti-
vation of the IκB-α/NF-κB signaling pathway, and a poten-
tial balance between the IκB-α/NF-κB signaling pathway
and sGC/cGMP/VASP may exist. However, the exact mech-
anism of Vericiguat on OC differentiation both in vitro and
in vivo needs further investigation.
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