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A B S T R A C T

Background: Senescence and apoptosis of the nucleus pulposus cells (NPCs) are essential components of the
intervertebral disc degeneration (IDD) process. Senescence and anti-apoptosis treatments could be effective ways
to delay or even stop disc degeneration. IDD has been treated with Eucommia ulmoides Oliver (Du Zhong, DZ) and
its active ingredients. However, the roles and mechanisms of DZ in NPC apoptosis and senescence remain unclear.
Methods: Traditional Chinese Medicine Systems Pharmacology (TCMSP) database was used to select the main
active ingredients of DZ with the threshold of oral bioavailability (OB) � 30% and drug-likeness (DL) � 0.2.
GSE34095 contained expression profile of degenerative intervertebral disc tissues and non-degenerative inter-
vertebral disc tissues were downloaded for different expression genes analysis. The disease targets genes of IDD
were retrieved from GeneCards. The online tool Metascape was used for functional enrichment annotation
analysis. The specific effects of the ingredient on IL-1β treated NPC cell proliferation, cell senescence, reactive
oxygen species (ROS) accumulation and cell apoptosis were determined by CCK-8, SA-β-gal staining, flowcy-
tometry and western blot assays.
Results: A total of 8 active compounds of DZ were found to meet the threshold of OB � 30% and DL � 0.2 with
4151 drug targets. After the intersection of 879 IDD disease targets obtained from GeneCards and 230 DEGs
obtained from the IDD-related GSE dataset, a total of 13 hub genes overlapped. According to functional enrich-
ment annotation analysis by Metascape, these genes showed to be dramatically enriched in AGE-RAGE signaling,
proteoglycans in cancer, wound healing, transmembrane receptor protein tyrosine kinase signaling, MAPK cas-
cades, ERK1/2 cascades, PI3K/Akt signaling pathway, skeletal system, etc. Disease association analysis by Dis-
GeNET indicated that these genes were significantly associated with IDD, intervertebral disc disease, skeletal
dysplasia, and other diseases. Active ingredients-targets-signaling pathway networks were constructed by Cyto-
scape, and kaempferol was identified as the hub active compound of DZ. In the IL-1β-induced IDD in vitro model,
kaempferol treatment significantly improved IL-1β-induced NPC cell viability suppression and senescence. In
addition, kaempferol treatment significantly attenuated IL-1β-induced ROS accumulation and apoptosis.
Furthermore, kaempferol treatment partially eliminated IL-1β-induced decreases in aggrecan, collagen II, SOX9,
and FN1 levels and increases in MMP3, MMP13, ADAMTS-4, and ADAMTS-5. Moreover, kaempferol treatment
significantly relieved the promotive effects of IL-1β stimulation upon p38, JNK, and ERK1/2 phosphorylation.
ERK1/2 inhibitor PD0325901 further enhanced the effect of kaempferol on the inhibition of ERK1/2 phos-
phorylation, downregulation of MMP3 and ADAMTS-4 expression, and upregulation of aggrecan and collagen II
expressions.
Conclusion: Kaempferol has been regarded as the major active compound of DZ, protecting NPCs from IL-1β-
induced damages through promoting cell viability, inhibiting cell senescence and apoptosis, increasing ECM
production, and decreasing ECM degradation. MAPK signaling pathway may be involved.
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The translational poteintial of this article: This study provides in vitro experimental data support for the pharma-
cological effects of kaempferol in treating IDD, and lays a solid experimental foundation for its future clinical
application in IDD treatment.
1. Introduction

Intervertebral disc degeneration (IDD) is a key contributor to lower
back pain and strains healthcare systems worldwide [1]. The interver-
tebral disc (IVD) serves as a flexible cushion between the two vertebrae
that aids in load-carrying and shock absorption. It is composed of an
outer cartilaginous ring called the annulus fibrosus (AF), and an inner
gelatinous core called the nucleus pulposus (NP) [2]. NP cells, which are
found in the disc's inner core, are responsible for constructing and
maintaining the extracellular matrix (ECM). The widespread consensus is
that NP cell depletion and ECM degradation trigger the development of
IDD [3]. During the IDD process, IL-1β has been reported to significantly
increase in the IDD tissues. IL-1β is involved in multiple pathological
processes, including matrix destruction, cellular apoptosis, oxidative
stress, and cellular senescence [4]. Therefore, inhibiting IL-1β-induced
NP cell apoptosis and senescence in the process of IDD may be a useful
method to prevent or even reverse disc degeneration.

The degenerative state of the intervertebral disc is referred to as a
“stagnation syndrome” in Traditional Chinese Medicine (TCM) [5]. Its
prevalence is vulnerable to ‘Damp (shi)' and ‘Cold (han)' and directly
associated with renal function [6]. There are presently two clinical
therapeutic options available to treat IDD: surgical and non-surgical
methods. The cost of surgical treatment comes with some surgical risk,
and the reoperation rate ranges from 6% to 24% [7,8]. TCM has been
used in non-surgical therapy in China and other Asian countries for
thousands of years. It has the specific advantages of being secure, effi-
cient, and incurring fewer adverse effects [9]. According to TCM theory
and the compatibility guideline, the prescription may be treated with
several concepts, multiple targets, and multiple approaches with the
goals of kidney tonifying, expelling wind, removing moisture, and
eliminating stasis. Reportedly, active compounds from Dan Shen (Salvia
miltiorrhiza Bunge) [10], Lei Gong Teng (Tripterygium wilfordii Hook F)
[6], and Du Zhong (Eucommia ulmoides Oliver) [11] have been used for
IDD treatment. The underlying mechanism of the TCM active compounds
against IDD has not yet been fully elucidated.

Through integrated bioinformatics analysis, network-based pharma-
cological techniques may comprehensively reflect and reveal the bio-
logical underpinnings of complex disorders and have thus emerged as a
fresh and popular analytical paradigm [12]. Interestingly, the large ma-
jority of TCM and global ethnomedicine target different molecules in the
human body to provide therapeutic benefits [13]. As a result, a
comprehensive method of network-based pharmacology in TCM research
may be a highly effective new method for locating possible treatment
targets for IDD. Herein, we retrieved the main active compounds of DZ
from the Traditional Chinese Medicine System Pharmacology (TCMSP)
Database (http://lsp.nwu.edu.cn/tcmsp.php) [14], analyzed the targets
of the main active compounds and IDD, as well as differentially expressed
genes (DEGs) between IDD samples and normal control, and compared
drug targets, disease targets, and DEGs. For functional enrichment
annotation and disease association analysis, overlapping hub genes were
used. Networks of active components, targets, and signaling pathways
were built, kaempferol was chosen for additional testing, and the specific
effects of kaempferol on IL-1β-simulated human nucleus pulposus cells
(NPCs) were subsequently examined.
136
2. Materials and methods

2.1. DZ active compounds retrieved from the Traditional Chinese Medicine
System Pharmacology (TCMSP) Database

The active ingredients of DZ were collected from TCMSP (http://lsp.n
wu.edu.cn/tcmsp.php) [14]. Active compounds’ information retrieval
was performed based on ADME (absorption, distribution, metabolism,
and excretion) using pharmacokinetic information retrieval filters. The
thresholds of the screening conditions were oral bioavailability (OB) �
30% and drug-likeness (DL) � 0.2 [15].

2.2. Compounds targets and disease target retrieval

The drug targets of the active ingredients in DZ were obtained from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Using
Gene Cards, a search for the term “intervertebral disc degeneration”
yielded the disease target genes of IDD.

2.3. Differentially expressed genes between SCI and normal samples

GSE34095 was downloaded from Gene Expression Omnibus (GEO)
datasets (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE
34095) contains DEGs between human intervertebral disc tissues
from older patients with degenerative disc disease (degenerative
specimen, n ¼ 3) and younger individuals with adolescent idiopathic
scoliosis (considered as the normal intervertebral disc tissues specimen,
n ¼ 3) [16]. RNA extraction and hybridization were performed on the
Affymetrix Human Genome U133A array. A total of 22,283 genes were
identified. DEGs between degenerative disc specimens and normal
intervertebral disc specimens were identified via GEO2R online tools
[17] with |logFC| > 0.3 and adjusted P value < 0.05. Following com-
parisons of DEGs, drug targets, and disease targets, 13 overlapping
genes were chosen for the subsequent experiments. The principal
component analysis (PCA) was performed by Python (version3.7.8).

2.4. Gene ontology (GO) functional enrichment annotation on 13
overlapped genes

The functional annotation tool of Metascape (https://metascap
e.org/gp/) was used to conduct the GO functional enrichment annota-
tion [18] and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis. Terms with the default threshold were selected in
functional annotation clustering. R language ggplot2 package was used
for drawing the GO and KEGG bubble charts. The disease association
analysis was performed based on DisGeNET (https://www.disgenet.org
/) [19].

2.5. Construction and analysis of networks

The ingredient-target-pathway networks were constructed using
Cytoscape_v3.8.0 [20]. The nodes in the graphical networks represented
the components, proteins, or routes, and the edges of the interactions
between the components and their targets or pathways.

http://lsp.nwu.edu.cn/tcmsp.php
http://lsp.nwu.edu.cn/tcmsp.php
http://lsp.nwu.edu.cn/tcmsp.php
https://pubchem.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc&equals;GSE34095
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc&equals;GSE34095
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc&equals;GSE34095
https://metascape.org/gp/
https://metascape.org/gp/
https://www.disgenet.org/
https://www.disgenet.org/


X. Wang et al. Journal of Orthopaedic Translation 39 (2023) 135–146
2.6. Cell lineage, cell culture, and cell treatment

Human nucleus pulposus cells (NPCs) were procured from Procell
(Catalog CP-H097; Wuhan, China) and cultivated in DMEM/F12medium
containing 15% fetal bovine serum (FBS, Gibco, Waltham, MA, USA).
NPCs were cultivated at 37 �C in a humidified atmosphere containing 5%
CO2. The toluidine blue staining was used for the identification of NPCs
as previous description [21]. For the in vitro IDD model, NPCs were
treated with IL-1β (10 ng/ml, Sino Biological, China) for 24 h. For the
ERK1/2 pathway inhibitor, NPCs cells were treated with PD0325901 (1
μМ, Beyotime, China) for 24 h.
2.7. Immunofluorescent (IF) staining

Cells were washed thrice in PBS before being fixed in 4% para-
formaldehyde for 15 min and rinsed in PBS, followed by incubation for
20 min in 0.5% Triton X-100 at ambient temperature before being rinsed
in PBS. Dropwise additions of bovine serum albumin (5%) were used to
the Petri dishes, followed by incubation for 30 min at ambient temper-
ature. Cells were then incubated with ani-aggrecan (13880-1-AP, Pro-
teintech, Wuhan, China) at 4 �C overnight, rinsed, incubated at 37 �C for
30 min in the buffer of goat anti-rabbit IgG conjugated to FITC at dark,
washed in PBS, stained with 6-diamidino-2-phenylindole (DAPI),
mounted with 50% glycerine, and determined using a fluorescence mi-
croscope (Olympus).
2.8. CCK-8

Cells were plated onto a 96-well plate at a density of 104 cells/well,
with a medium volume of 100 μl. After 48 h of culture, 10 μl CCK8 so-
lution was added to each well. Following another 2 h of incubation, the
absorbance value (OD) of each well at 450 nm was measured using a
Microplate reader.
2.9. β-Gal senescence staining

Cells were plated into a 6-well plate and rinsed twice in PBS buffer.
After being fixed with 0.2% glutaraldehyde for 10 min at room temper-
ature, cells were rinsed twice in PBS buffer before being stained in an X-
gal staining solution overnight [22]. SA-β-gal positive cells were counted
in 6 randomly selected images and the percentages of SA-β-gal positive
cells were averaged for statistical analysis using an inverted microscope
(Olympus).
Table 1
2.10. Flow cytometry assay

An assay kit for measuring reactive oxygen species (ROS) in cells was
used (Beyotime, China). Cell suspensions were, in essence, treated with
10 μM DCFH-DA for 20 min at 37 �C. The cells were subjected to flow
cytometry analysis after being washed thrice with PBS. According to the
manufacturer's instructions, the FITC-Annexin V/PI apoptosis detection
kit (Keygen Biotech, China) was used to identify cell apoptosis. Briefly,
195 μl cell suspension (5 � 105 cells) were incubated with 5 μl FITC-
Annexin V and 10 μl PI at room temperature for 15 min at dark. Then,
cells underwent flow cytometry analysis (BD, USA).
Active compounds of Eucommia ulmoides Oliver (Du Zhong, DZ).

Compound MW OB (%) DL Target

ent-Epicatechin 290.29 48.95984114 0.24162 1
beta-sitosterol 414.79 36.91390583 0.75123 1
Cyclopamine 411.69 55.42172002 0.82136 79
Acanthoside B 580.64 43.35308428 0.76689 11
quercetin 302.25 46.43334812 0.27525 3980
beta-carotene 536.96 37.18433337 0.58358 183
kaempferol 286.25 41.88224954 0.24066 193
Mairin 456.78 55.37707338 0.7761 57
2.11. qRT-PCR analysis

The total RNA from NPCs was isolated by TRIzol (invitrogen). cDNA
was synthesized by The PrimeScript RT reagent Kit (Takara, Japan). Real-
time PCR was performed by RealStar Fast SYBR qPCR mix with a real-
time thermal cycler (AnalytikJena, German), and GAPDH was consid-
ered as endogenous control. The relative mRNA was calculated using the
2�ΔΔCt method [23]. The primer sequence is listed in Table S1.
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2.12. Immunoblotting

The following primary antibodies were used in this study: p16 (CSB-
PA003618, CUSABIO, Wuhan, China), p21 (ab109520, Abcam, Cam-
bridge, UK), Rb (ab224426, Abcam), hTERT (DF7129, Affinity Biotech),
Nrf2 (CSB-RA225569A0HU,Cusabio), HO-1 (10701-1-AP, Proteintech),
NQO-1 (11451-1-AP, Proteintech), SOD1 (10269-1-AP, Proteintech),
SOD2 (ab227091, Abcam), Cleaved-caspase 3 (ab2302, Abcam), Caspase
3 (ab13847, Abcam), Bax (50599-2-Ig, Proteintech), Bcl-2 (12789-1-AP,
Proteintech), aggrecan (13880-1-AP, Proteintech), collagen II (CSB-
PA005739ESR2HU, Cusabio), SOX9 (ab185966, Abcam), FN1 (AF5335,
Affinity Biotech), MMP2 (CSB-PA003258, Cusabio), MMP3 (17873-1-AP,
Proteintech), MMP13 (CSB-PA07029A0Rb, Cusabio), ADAMTS-4
(DF6986, Affinity Biotech), ADAMTS-5 (DF13268, Affinity Biotech), p-
p38 (AF4001, Affinity Biotech), p38 (14064-1-AP, Proteintech), p-JNK
(AF3318, Affinity Biotech), JNK (AF6319, Affinity Biotech), p-ERK1/2
(sc-81492, Santa Cruz, Dallas, DX, USA), ERK1/2 (16443-1-AP,
Proteintech).

Target cells were sonicated to lyse in ice-cold RIPA buffer. Total
proteins were extracted from the extract using centrifugation. A BCA
protein assay kit was used to measure the protein level (Beyotime,
China). The denatured protein was then placed into SDS-PAGE to be
separated after that. Separated proteins were then transferred to PVDF
membranes and incubated with the primary antibodies listed above at 4
�C overnight. After being washed, the membranes were then incubated
with goat anti-rabbit or mouse IgG buffer conjugated to HRP for 2 h at
room temperature. The membranes were then activated with an
enhanced chemiluminescence substrate and examined with an automatic
chemiluminescence image system (Tannon-5200, China).

2.13. Statistical analysis

All data are exhibited as means � standard deviation (SD) of at least
three independent experiments. SPSS v.18.0 software (SPSS, Chicago, IL,
USA) was employed to process data. Student's t-test or one-way analysis
of variance (ANOVA) followed by Tukey's test were performed to eval-
uate the difference between the means of the two groups. P < 0.05 was
deemed as a statistically significant difference.

3. Results

3.1. Drug targets of E. ulmoides oliver (du Zhong, DZ) active compounds
and disease targets of interverbal disc degeneration (IDD)

Firstly, the active ingredients of DZ were retrieved from TCMSP;
among all active compounds, 8 of them met the thresholds of OB � 30%
and DL � 0.2 (Table 1). The drug targets of the active ingredients in DZ
were collected from the PubChem database (https://pubchem.ncbi.nlm
.nih.gov/) and a total of 4151 drug targets were obtained. The disease
target genes of IDD were obtained by searching the keyword ‘interverte-
bral disc degeneration’ based on Gene Cards, and a total of 879 disease
targets were obtained. DEGs between IDD tissues and normal IVD tissues
werefirst analyzed based on GSE34095; a total of 230 DEGswith |logFC|>
0.3 and P< 0.05 (Fig. 1A). For identifying DZ drug targets and IDD disease

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/


Fig 1. Drug targets of Eucommia ulmoides Oliver (Du Zhong, DZ) active compounds and disease targets of interverbal disc degeneration (IDD) (A) Differentially
expressed genes (DEGs) between human intervertebral disc tissues from elderly patients with degenerative disc disease and younger patients with adolescent idio-
pathic scoliosis, respectively, based on GSE34095 (B) The drug targets of the active compounds in DZ were obtained from the PubChem database (https://pubchem
.ncbi.nlm.nih.gov/). The disease target genes of IDD were obtained through searching the keyword ‘intervertebral disc degeneration’ based on Gene Cards. Drug
targets, disease targets, and DEGs were compared and 13 overlapped genes were selected for the following analysis (C–D) The expression of these 13 genes in IDD and
control samples according to GSE34095.
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targets, drug targets, disease targets, and DEGs were compared and 13
overlapped genes (INTS8, FN1, COL3A1, FGFR3, IGFBP6, CUL4B, HSPG2,
GPC1, PTEN, HMGB1, SMAD2, MMP2, and CSGALNACT1) were selected
for the following experiments (Fig. 1B). The expression of these 13 genes
in IDD tissues and normal IVD tissues according to GSE34095 (Fig. 1C and
D). The PCA analysis further confirmed these 13 genes could effectively
classify the IDD and normal IVD groups in GSE34095 (Fig.S1).

3.2. Functional and disease-association analyses on 13 target genes

GO functional enrichment annotation and KEGG on 13 target genes
performed using Metascape (https://metascape.org/gp/); we found the
significant enrichment of these genes in AGE-RAGE signaling, pro-
teoglycans in cancer, wound healing, transmembrane receptor protein
tyrosine kinase signaling pathway, MAPK cascades, ERK1/2 cascades,
PI3K/Akt signaling pathway, skeletal system, etc (Fig. 2A). Disease-
association analysis on 13 target genes was performed using DisGeNET
(https://www.disgenet.org/); these genes were significantly associated
with IDD, intervertebral disc disease, skeletal dysplasia, and other dis-
eases (Fig. 2B).

Next, the compound-target-signaling networks were constructed
138
[20]. In these graphical networks, the chemicals, proteins, or pathways
were represented by nodes, while the relationships between the sub-
stances, targets, or signaling were represented by edges (Fig. 3 and
Table 2). As inferred from Fig. 3 and Table 2, among the 8 active com-
pounds of DZ, only cyclopamine, quercetin, kaempferol and mairin could
target 13 IDD disease genes that were enriched in 23 pathways (INTS8
did not have pathway enrichment; as a result, only 12 genes are shown in
Fig. 3). Cyclopamine and mairin target 1 disease gene. Quercetin and
kaempferol respectively target 11 and 2 disease genes. However,
numerous studies have documented the role of quercetin in IDD [24,25].
The effect of kaempferol on NPCs has not yet been documented. There-
fore, kaempferol has been considered the hub compound for further
investigation.

3.3. Kaempferol improves IL-1β-induced NPC dysfunction

Next, the specific effects of kaempferol on IL-1β-induced NPC
dysfunction were investigated. Procured NPCs were identified using
Toluidine blue staining; Fig. 4A shows that the cytoplasm of NPCs was
stained in purple-blue. In response to IL-1β stimulation (10 ng/ml, 24 h),
aggrecan levels were significantly induced in NPCs as revealed by IF

https://metascape.org/gp/
https://www.disgenet.org/
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Fig 2. Functional and disease-association analyses on 13 target genes (A) Gene Ontology (GO) functional enrichment annotation and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis on the 13 target genes was performed using Metascape (https://metascape.org/gp/). The bubble charts were drawn by R
language ggplot2 package (B) Disease-association analysis on 13 target genes was performed using DisGeNET (https://www.disgenet.org/).

X. Wang et al. Journal of Orthopaedic Translation 39 (2023) 135–146
staining (Fig. 4B). For selecting the minimum efficient dose of kaemp-
ferol, NPCs were treated with gradient concentrations of Kaempferol (0,
5, 10, 25, or 50 μM) and examined for cell viability; Fig. 4C shows that
10, 25, or 50 μM kaempferol significantly promoted NPC cell viability.
Thus, 10 μM was selected for the following experiments. NPCs were
exposed to IL-1β stimulation (10 ng/ml, 24 h), treated with 10 μM
Kaempferol, and examined for related indexes. Regarding cell pheno-
types, IL-1β stimulation remarkably suppressed cell viability (Fig. 4D)
and promoted cell senescence (Fig. 4E); alterations in NPC viability and
senescence induced by IL-1β were partially eliminated by kaempferol
treatment (Fig. 4D and E). Furthermore, senescence-related factors were
also examined. IL-1β stimulation significantly increased p16, p21, and Rb
protein contents but decreased hTERT (Fig. 4F); similarly, IL-1β-induced
alterations in senescence markers were partially eliminated by kaemp-
ferol treatment (Fig. 4F).
3.4. Kaempferol on oxidative damage and apoptosis of NPCs

IDD and oxidative stress are related. The primary risk factors for IDD
have been identified as excessive ROS-induced senescence and apoptosis
139
[26]. The levels of cellular ROS and the expression of genes associated
with oxidative stress were assessed following exposure to IL-1β stimu-
lation and kaempferol. Fig. 5A demonstrates that whereas kaempferol
only marginally decreased the ROS level, IL-1β considerably increased
the generation of ROS in NPCs. Results from qRT-PCR and immuno-
blotting revealed that IL- 1β stimulation reduced the mRNA and protein
levels of the anti-oxidative factors Nrf2, HO-1, NQO-1, SOD1, and SOD2,
but kaempferol only partially mitigated IL-1-β induced oxidative changes
(Fig. 5B and C). The apoptotic cell rate was dramatically raised by IL- 1β,
which also caused changes in the levels of the pro-apoptotic proteins
Cleaved-caspase 3, Bax, and Bcl-2. Kaempferol partially reversed the
effects of IL-1β on apoptosis, as shown in Fig. 5D–F. Bax and Bcl-2 mRNA
levels were regulated by IL-1β and partially reversed by treatment with
kaempferol (Fig. 5E).
3.5. Effects of kaempferol IL-1β-induced ECM deposition

Next, the specific effects of kaempferol on IL-1β-induced ECM depo-
sition were investigated. NPCs were treated accordingly and evaluated
for the protein levels of ECM production- and degradation-related

https://metascape.org/gp/
https://www.disgenet.org/


Table 2
Compound-target-signaling networks.

Compounds protein Pathway

Quercetin FGFR3 skeletal system development, skeletal system morphogenesis,
cellular response to growth factor stimulus, response to growth factor, regulation of developmental growth, PI3K-Akt signaling pathway,
transmembrane receptor protein tyrosine kinase signaling pathway, regulation of MAPK cascade, regulation of ERK1 and ERK2 cascade, MAPK
cascade, regulation of kinase activity

FN1 Proteoglycans in cancer, AGE-RAGE signaling pathway in diabetic complications, wound healing, mesenchyme development, regulation of
developmental growth, cell-substrate adhesion, PI3K-Akt signaling pathway, angiogenesis, regulation of MAPK cascade, regulation of ERK1 and
ERK2 cascade, MAPK cascade

GPC1 Proteoglycans in cancer, cellular response to growth factor stimulus, response to growth factor, angiogenesis, transmembrane receptor protein
tyrosine kinase signaling pathway

HMGB1 wound healing, angiogenesis, regulation of MAPK cascade, regulation of ERK1 and ERK2 cascade, MAPK cascade, negative regulation of cell
migration, negative regulation of cell motility, carbohydrate metabolic process, regulation of kinase activity

HSPG2 Proteoglycans in cancer, angiogenesis, Hepatitis B
MMP2 Proteoglycans in cancer, AGE-RAGE signaling pathway in diabetic complications, skeletal system development, skeletal system morphogenesis,

angiogenesis, transmembrane receptor protein tyrosine kinase signaling pathway, cellular response to environmental stimulus
COL3A1 AGE-RAGE signaling pathway in diabetic complications, skeletal system development, wound healing, cellular response to growth factor stimulus,

response to growth factor, cell-substrate adhesion, regulation of MAPK cascade, negative regulation of cell migration, negative regulation of cell
motility

CSGALNACT1 regulation of MAPK cascade, carbohydrate metabolic process
CUL4B cellular response to environmental stimulus
PTEN wound healing, cellular response to growth factor stimulus, response to growth factor, mesenchyme development, regulation of developmental

growth, cell-substrate adhesion, PI3K-Akt signaling pathway, angiogenesis, transmembrane receptor protein tyrosine kinase signaling pathway,
regulation of MAPK cascade, regulation of ERK1 and ERK2 cascade, MAPK cascade, negative regulation of cell migration, negative regulation of cell
motility, carbohydrate metabolic process, regulation of kinase activity, Hepatitis B, negative regulation of cell population proliferation, cellular
response to environmental stimulus

SMAD2 keletal system development, skeletal system morphogenesis, wound healing, cellular response to growth factor stimulus, response to growth factor,
mesenchyme development, Hepatitis B, negative regulation of cell population proliferation,

Kaempferol FN1 Proteoglycans in cancer, AGE-RAGE signaling pathway in diabetic complications, wound healing, mesenchyme development, regulation of
developmental growth, cell-substrate adhesion, PI3K-Akt signaling pathway, angiogenesis, regulation of MAPK cascade, regulation of ERK1 and
ERK2 cascade, MAPK cascade

MMP2 Proteoglycans in cancer, AGE-RAGE signaling pathway in diabetic complications, skeletal system development, skeletal system morphogenesis,
angiogenesis, transmembrane receptor protein tyrosine kinase signaling pathway, cellular response to environmental stimulus

Mairin MMP2 Proteoglycans in cancer, AGE-RAGE signaling pathway in diabetic complications, skeletal system development, skeletal system morphogenesis,
angiogenesis, transmembrane receptor protein tyrosine kinase signaling pathway, cellular response to environmental stimulus

Cyclopamine IGFBP6 transmembrane receptor protein tyrosine kinase signaling pathway, regulation of MAPK cascade, MAPK cascade, Hepatitis B, negative regulation of
cell population proliferation

Fig 3. The compound-target-signaling networks generated using Cytoscape_v3.8.0. The active compounds cyclopamine, quercetin, kaempferol and mairin could target
12 IDD disease genes including HMGB1, PTEN, IGFBP6, FGFR3, COL3A1, MMP2, SMAD2, HSPG2, GPC1, FN1, CUL4B, CSGALNACT1 (Among 13 target genes, INTS8
did not have pathway enrichment). The compound-targeted disease genes were enriched in 23 pathways.
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Fig 4. Kaempferol improves IL-1β-induced human nucleus pulposus cell (NPC) dysfunction (A) NPCs were identified using Toluidine blue staining (B) The levels of
aggrecan in NPCs with or without IL-1β stimulation (10 ng/ml, 24 h) were examined using Immunofluorescent (IF) staining (C) NPCs were treated with gradient
concentrations of kaempferol (0, 5, 10, 25, or 50 μM) and examined for cell viability using CCK-8 assay; 10 μM kaempferol was selected for the following experiments.
Then, NPCs were exposed to IL-1β stimulation (10 ng/ml, 24 h), treated with 10 μM kaempferol, and examined for cell viability using CCK-8 assay (D); cell senescence
using senescence-associated β-gal staining (E); the protein levels of p16, p21, Rb, and hTERT using Immunoblotting (F). N ¼ 3, one-way ANOVA followed by Tukey's
post hoc test. **p < 0.01, compared to PBS group; ##p < 0.01, compared with IL-1β group.

X. Wang et al. Journal of Orthopaedic Translation 39 (2023) 135–146
factors. Fig. 6A–D shows that IL-1β significantly decreased aggrecan,
collagen II, SOX9, and FN1 mRNA and protein levels, whereas increased
MMP3, MMP13, ADAMTS-4, and ADAMTS-5 mRNA and protein levels;
IL-1β-induced alterations in ECM production- and degradation-related
factors were partially abolished by kaempferol treatment (Fig. 6A–D).

3.6. Effects of kaempferol on IL-1β-induced MAPK signaling pathway
activation

Finally, since the 12 target genes were shown to be linked to the
MAPK, ERK, and PI3K/Akt pathways (Fig. 3), and MAPK signaling
pathway has been widely reported as a potential target for the treatment
of IDD [27,28], the effects of kaempferol IL-1β-caused MAPK pathway
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activation were investigated. NPCs were treated accordingly and exam-
ined for p-p38, p38, p-JNK, JNK, p-ERK1/2, and ERK1/2 protein con-
tents. Fig. 7A shows that IL-1β dramatically enhanced p38, JNK, and
ERK1/2 phosphorylation, while kaempferol treatment significantly
relieved the promotive effects of IL-1β stimulation upon p38, JNK, and
ERK1/2 phosphorylation. Next, the ERK1/2 inhibitor PD0325901 was
used to confirm the function of kaempferol. As is shown in Fig. 7B, under
IL-1β stimulation, ERK1/2 inhibition also prevented ERK1/2 phosphor-
ylation. The effects of ERK1/2 inhibitor further increased the effects of
kaempferol in downregulating MMP3 and ADAMTS-4 expression and
upregulating aggrecan and collagen II expressions.



Fig 5. Effects of kaempferol on oxidative damage and apoptosis of NPCs were exposed to IL-1β stimulation (10 ng/ml, 24 h), treated with 10 μM kaempferol, and
examined for ROS and apoptosis with flow cytometry assay and Immunoblotting (A) ROS level in cells (B–C) The mRNA and protein levels of Nrf2, HO-1, NQO-1,
SOD1 and SOD2 were examined (D) The apoptosis rate of NPCs was determined by the FITC-Anexin-V/PI apoptosis assay kit. The cells with Annexin-V positive/PI
negative and Annexin-V positive/PI positive were considered apoptotic cells (E) The mRNA levels of caspase-3, Bax and Bcl-2 were examined (F) The protein levels of
Cleaved-caspase 3, Caspase 3, Bax, and Bcl-2 were examined. One-way ANOVA followed by Tukey's post hoc test. N ¼ 3, **p < 0.01, compared to PBS group; #p <

0.05, ##p < 0.01, compared with IL-1β group.
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4. Discussion

Herein, the main active compounds of DZ were retrieved from TCMSP
and 8 of them were found to meet the threshold of OB � 30% and DL �
0.2. Among 4151 drug targets, 879 disease targets, and 230 DEGs, 13 hub
genes overlapped. According to functional enrichment annotation and
disease association analyses, these genes showed to be dramatically
enriched in AGE-RAGE signaling, proteoglycans in cancer, wound heal-
ing, transmembrane receptor protein tyrosine kinase signaling, MAPK
cascades, ERK1/2 cascades, PI3K/Akt signaling pathway, skeletal sys-
tem, etc. DisGeNET analysis indicated that these genes were significantly
associated with IDD, intervertebral disc disease, skeletal dysplasia and
other diseases. Networks of active components, targets, and signaling
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pathways were built, and kaempferol was shown to be the central active
constituent. Treatment with kaempferol greatly reduced the induction of
senescence, oxidative stress, apoptosis, and viability decrease in NPC
cells caused by IL-1β. Additionally, IL-1-induced elevations in MMP3,
MMP13, ADAMTS-4, ADAMTS-5, and pro-apoptotic gene expression and
decreases in aggrecan, collagen II, SOX9, FN1, anti-oxidative, and anti-
apoptotic gene levels were partially reversed by kaempferol adminis-
tration. Additionally, kaempferol therapy dramatically reduced the
stimulatory effects of IL-1β activation on the phosphorylation of p38,
JNK, and ERK1/2.

The majority of the chemical elements in DZ have theoretically and
clinically demonstrated pharmacological efficacies. DZ is a supplier of
pharmaceuticals and healthcare products with a wide range of



Fig. 6. Effects of Kaempferol IL-1β-induced ECM deposition NPCs were exposed to IL-1β stimulation (10 ng/ml, 24 h), treated with 10 μM kaempferol, and examined
for the mRNA and protein levels of aggrecan, collagen II, SOX9, FN1 (A–B), MMP3, MMP13, ADAMTS-4, and ADAMTS-5 (C–D) using qRT-PCR and Immunoblotting,
respectively. . One-way ANOVA followed by Tukey's post hoc test. N ¼ 3, **p < 0.01, compared to PBS group; #p < 0.05, ##p < 0.01, compared with IL-1β group.
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pharmacological effects, non-toxic properties, and minimal side effects
[29]. The pharmacological effects of DZ's functional components include
protective effects for the heart, liver, kidney, lung, and bone as well as
anti-hypertensive, hypolipidemic, hypoglycemia, anti-inflammatory,
antioxidative, anti-tumor, anti-bacterial, and anti-viral qualities [30].
According to reports, DZ and its active components are frequently
employed in IDD treatment plans. A TCM formula called
Bu-Shen-Huo-Xue-Fang that contains DZ can encourage NP cell prolif-
eration and ECM synthesis [31]. One of the DZ active ingredients,
aucubin, has properties that protect the chondrocytes and have
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anti-inflammatory, anti-oxidant, and osteogenic effects [32]. In this
study, a total of 8 active compounds of DZ were collected from TCMSP
using the thresholds of OB � 30%, DL � 0.2, including ent-Epicatechin,
β-sitosterol, Cyclopamine, Acanthoside B, quercetin, β-carotene, kaemp-
ferol, and Mairin.

The antioxidant, anti-inflammatory, and anti-aging effects of ent-
Epicatechin have been reported previously [33]. β-Sitosterol also exerts
anti-inflammatory activity in bone diseases [34]. Regarding cyclop-
amine, applying cyclopamine to inhibit Indian hedgehog was effective in
preventing NPC apoptosis without decreasing ROS level [35].



Fig. 7. Effects of Kaempferol on IL-1β-induced MAPK signaling pathway activation (A) NPCs were exposed to IL-1β stimulation (10 ng/ml, 24 h), treated with 10 μM
kaempferol, and examined for the protein levels of p-p38, p38, p-JNK, JNK, p-ERK1/2, and ERK1/2 using Immunoblotting (B) Under IL-1β stimulation, NPCs were co-
treated with 10 μM kaempferol and 1 μM PD0325901, and examined for the protein levels of aggrecan, collagen II, MMP3 and ADAMTS-4 using immunoblotting. One-
way ANOVA followed by Tukey's post hoc test. N ¼ 3, *p < 0.05, **p < 0.01, compared to PBS group; #p < 0.05, ##p < 0.01, compared with IL-1β group or
kaempferol group.
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Acanthoside B has been demonstrated to have an anti-inflammatory ef-
fect in LPS-stimulated RAW 264.7 macrophage cells or lung inflamma-
tion, but not directly in bone disorders [36]. Quercetin could ameliorate
IDD [25]. β-carotene could prevent bone loss and bone resorption [37].
Kaempferol inhibits IVD degeneration through altering the LPS-mediated
imbalance between osteogenesis and adipogenesis and inflammatory
response in bone marrow-derived mesenchymal stem cells (BMSCs) [38].
Mairin might be associated with inflammatory target genes in rheuma-
toid arthritis [39]. Unknown, however, are the fundamental active ele-
ments and hub-genes that control DZ defense against IDD as well as the
underlying mechanism.

13 hub genes were found to overlap among 4151 pharmacological
targets, 879 disease targets, and 230 DEGs by studies of the GeneCards
and GEO expression profiles. Usually, the fold change threshold for DEGs
screening in GSE datasets is |logFC|>1. However, in the present study,
the result of |logFC|>1 threshold can only screen out one different DZ
drug target gene in GSE34095. In order to better explore the application
value of the DZ drug target gene in IDD, we appropriately relaxed the
screening threshold to |logFC|>0.3, which is acceptable in other research
[40,41]. Thirteen drug-target gene DEGs were identified. According to
functional enrichment annotation analysis of these genes analyses, we
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found a significant enrichment in AGE-RAGE signaling [42], pro-
teoglycans [43,44], wound healing, transmembrane receptor protein
tyrosine kinase signaling pathway, MAPK cascades [27,45], ERK1/2
cascades [27,45], PI3K/Akt signaling pathway [46], skeletal system, etc.;
reportedly, these signaling pathways or processes play a critical role in
IDD progression. These genes were found to be strongly related to IDD,
intervertebral disc disease, skeletal dysplasia, and other disorders, ac-
cording to a DisGeNET analysis. Networks of active components, targets,
and signaling pathways were built, and kaempferol was shown to be the
central active constituent. As indicated earlier, kaempferol has been
shown to reduce the imbalance between osteogenesis and adipogenesis
and the inflammatory response in BMSCs, which is induced by LPS [38];
however, its specific effects on NPCs remain unclear.

As previously reported, IL-1β plays a role in eliciting NPC apoptosis,
oxidative stress, and senescence [27,28]. Furthermore, NPCs in the
intervertebral disc exert a pivotal effect on the maintenance of ECM
homeostasis [34]. The NP ECM is predominantly composed of pro-
teoglycans (mostly aggrecan) and type II collagen, which contribute to
maintaining IVD physiological activities [34,35]. MMPs have been re-
ported to be essential enzymes for collagen/aggrecan cleavage in NP
ECM; MMP up-regulation has been found to result in ECM degradation
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and IDD development [36]. Reduced ECM function, elevated synthesis of
degradative enzymes, and upregulated expression of inflammatory cy-
tokines lead to the loss of structural integrity and acceleration in IDD
[37]. The metabolism and ECM structure were both susceptible to
oxidative stress. Oxidative stress may cause cell death and senescence in
disc cells in addition to disrupting the ECM in these cells [26]. The
antioxidant role of kaempferol has been reported in various cell types,
including epithelial cells [47], neuronal cells [48] and cardiomyocytes
[49]. In this study, IL-1β-induced NP cell viability suppression, ECM
degradation, NP cell senescence, Oxidative stress and cell apoptosis,
could be reversed by kaempferol. These findings indicated that kaemp-
ferol's anti-oxidative properties contributed to its preventive impact in
IDD.

Numerous studies have reported that activation of the MAPK signal
pathway can accelerate ECM degradation via increasingMMP production
and ADAMTS-5 expression during the IDD process [50,51]. Moreover,
inhibition of the MAPK signal pathway is a potential strategy against
inflammation-induced apoptosis, senescence and oxidative stress in IVD
cells [52,53]. In rheumatoid arthritis synovial fibroblasts and chon-
drocytes, kaempferol could inhibit IL-1β-induced production of MMPs
and phosphorylation of ERK and p38 [54]. Herein, kaempferol also
blocked IL-1β-induced activation of MAPK pathway. The ECM
degradation-related genes were further decreased by the ERK inhibitor.
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Conclusively, through network pharmacology-based integrative bio-
informatics analyses, kaempferol has been regarded as the major active
compound of DZ, protecting NPCs from IL-1β-induced damages through
promoting cell viability, inhibiting cell senescence, apoptosis, and
oxidative stress, increasing ECM production, and decreasing ECM
degradation. However, there may be limitations to this study. We solely
looked into how kaempferol affected the MAPK signaling pathway and
cellular phenotype in NPCs. Further research is required to determine
and understand the precise pharmacological target of kaempferol.
Another restriction is a paucity of in vivo data. It is necessary to confirm
the roles of kaempferol in animal models of IDD.
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Table S1 The primers for qRT-PCR
Gene name F R

NFE2L2
 TCAGCGACGGAAAGAGTATGA
 CCACTGGTTTCTGACTGGATGT

HMOX1
 AAGACTGCGTTCCTGCTCAAC
 AAAGCCCTACAGCAACTGTCG

NQO1
 GAAGAGCACTGATCGTACTGGC
 GGATACTGAAAGTTCGCAGGG

SOD1
 GGTGGGCCAAAGGATGAAGAG
 CCACAAGCCAAACGACTTCC

SOD2
 GCTCCGGTTTTGGGGTATCTG
 GCGTTGATGTGAGGTTCCAG

GAPDH
 ACAGCCTCAAGATCATCAGC
 GGTCATGAGTCCTTCCACGAT

CAPS3
 AGAGGGGATCGTTGTAGAAGTC
 ACAGTCCAGTTCTGTACCACG

BAX
 CCCGAGAGGTCTTTTTCCGAG
 CCAGCCCATGATGGTTCTGAT

BCL2
 GGTGGGGTCATGTGTGTGG
 CGGTTCAGGTACTCAGTCATCC

ACAN
 GTGCCTATCAGGACAAGGTCT
 GATGCCTTTCACCACGACTTC

COL2A1
 TGGACGCCATGAAGGTTTTCT
 TGGGAGCCAGATTGTCATCTC

SOX9
 AGCGAACGCACATCAAGAC
 CTGTAGGCGATCTGTTGGGG

FN1
 CGGTGGCTGTCAGTCAAAG
 AAACCTCGGCTTCCTCCATAA
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