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In the article titled “Salvianolic Acid B Protects Intervertebral
Discs from Oxidative Stress-Induced Degeneration via Acti-
vation of the JAK2/STAT3 Signaling Pathway” [1], there
was an error in Section 3.3, and the following statement
should be corrected:

“Figures 4(a)–4(d) demonstrate that in the H2O2 group,
ROS and MDA levels were clearly less, and GSH and SOD2
levels significantly higher than those of the control group”
should be corrected to

“Figures 4(a)–4(d) demonstrate that in the H2O2 group,
ROS and MDA levels were clearly higher and GSH and
SOD2 levels significantly lower than those of the control
group.”

Additionally in Figure 2(d), the label for IDD was acci-
dentally omitted during the typesetting process, and the cor-
rected figure is as follows:

The authors confirm that this does not affect the results
and conclusions of the article, and the editorial board agrees
to the publication of a corrigendum.
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Figure 2: SAB reversed the effects on the antioxidant system induced by puncture injury in vivo that activated the JAK2/STAT3 signaling
pathway. Animals were divided into three groups: control group, IDD group, or SAB group. Concentrations of (a) GSH, (b) SOD2, and (c)
MDA were measured by assay kits. (d) Expression levels of phosphorylated and total JAK2 and STAT3 in IVDs were measured by Western
blotting, and the relative ratios of (e) p-JAK2/JAK2 and (f) p-STAT3/STAT3 were calculated from gray-level values. ∗P < 0 : 05 compared
with the control group; #P < 0 : 05 compared with the IDD group. SAB: salvianolic acid B; GSH: glutathione; SOD2: superoxide dismutase 2;
MDA: malondialdehyde; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; JAK2: Janus kinase 2; STAT3: signal transducer and
activator of transcription 3.
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Increasing evidence has indicated that mitochondrial reactive oxygen species (ROS) play critical roles in mechanical stress-induced
lumbar degenerative disc disease (DDD). However, the detailed underlying pathological mechanism needs further investigation. In
this study, we utilized a one-strike loading disc degeneration organ culture model to explore the responses of intervertebral discs
(IVDs) to mechanical stress. IVDs were subjected to a strain of 40% of the disc height for one second and then cultured under
physiological loading. Mitoquinone mesylate (MitoQ) or other inhibitors were injected into the IVDs. IVDs subjected to only
physiological loading culture were used as controls. Mitochondrial membrane potential was significantly depressed immediately
after mechanical stress (P < 0:01). The percentage of ROS-positive cells significantly increased in the first 12 hours after
mechanical stress and then declined to a low level by 48 hours. Pretreatment with MitoQ or rotenone significantly decreased the
proportion of ROS-positive cells (P < 0:01). Nucleus pulposus (NP) cell viability was sharply reduced at 12 hours after
mechanical stress and reached a stable status by 48 hours. While the levels of necroptosis- and apoptosis-related markers were
significantly increased at 12 hours after mechanical stress, no significant changes were observed at day 7. Pretreatment with
MitoQ increased NP cell viability and alleviated the marker changes by 12 hours after mechanical stress. Elevated mitochondrial
ROS levels were also related to extracellular matrix (ECM) degeneration signs, including catabolic marker upregulation, anabolic
marker downregulation, increased glycosaminoglycan (GAG) loss, IVD dynamic compressive stiffness reduction, and
morphological degradation changes at the early time points after mechanical stress. Pretreatment with MitoQ alleviated some of
these degenerative changes by 12 hours after mechanical stress. These changes were eliminated by day 7. Taken together, our
findings demonstrate that mitochondrial ROS act as important regulators of programmed NP cell death and ECM degeneration
in IVDs at early time points after mechanical stress.

1. Introduction

Degenerative disc disease (DDD) is a chronic spinal disor-
der characterized by structural failure of the intervertebral

disc (IVD), increased proteolytic activity, nucleus pulposus
(NP) cell death, and proinflammatory cytokine release [1,
2]. Lumbar DDD is one of the most common chronic degen-
erative diseases worldwide. It impacts forty percent of people
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aged 40 years and affects more than eighty percent of the
population aged 80 years, with nearly twenty percent of peo-
ple with lumbar DDD showing a poor response to nonsurgi-
cal treatment [3]. Hence, there is an urgent need for a deep
understanding of the underlying molecular mechanisms
responsible for DDD for the sake of better management.

Nonphysiological mechanical stress (MS) is viewed as a
significant risk factor for the development of lumbar DDD
[4]. Excessive MS results in cell death and extracellular
matrix (ECM) degradation, which leads to significant struc-
tural changes in IVDs [5]. Necroptosis and apoptosis are
the two principal types of programmed cell death that have
been implicated in lumbar DDD [6, 7]. Despite mounting
evidence, the mechanisms underlying MS-induced DDD
have not been fully elucidated.

Mitochondria are central cytoplasmic hubs essential for
not only cellular metabolism but also various types of pro-
grammed cell death, including apoptosis and necroptosis,
due to their production of reactive oxygen species (ROS)
and other prodeath mediators [8]. Multiple complex mecha-
nisms underlie MS-induced mitochondrial ROS production,
including intracellular Ca2+ overload and cytoskeletal strain
[9–11]. It was recently demonstrated that mechanical stimu-
lation induces the endoplasmic reticulum Ca2+ releases and
extracellular Ca2+ influx [12]. Excessive cytosolic Ca2+ eleva-
tions induce mitochondrial depolarization and ROS genera-
tion [13]. As the cytoskeleton interacts heavily with
mitochondria, it is not surprising that cell strain results in
mitochondrial strain and ROS generation. In addition, disso-
lution of the cytoskeleton by reagents prevents impact-
induced ROS generation [9].

Several studies have emphasized the importance of mito-
chondrial ROS in NP cell mechanical injury. Excessive ROS
generation activates multiple apoptosis pathways by causing
damage to proteins, nucleic acids, lipids, membranes, and
organelles. Mitochondrial-derived oxidative stress is thought
to contribute to the necroptotic pathway at the receptor-
interacting protein kinase 3 (RIPK3) or mixed-lineage kinase
domain-like protein (MLKL) level [14]. A recent study has
reported that mitochondrial ROS promote RIPK1 autophos-
phorylation on serine residue 161 (S161) and then recruit
RIPK3 to further form a functional necrosome and that
necrosomal RIPK3 enhances ROS production [8]. In recent
years, a growing number of research articles have highlighted
the critical role of mitochondrial ROS in the programmed
death of NP cells, providing crucial novel insights into the
progression of lumbar DDD [15]. For example, a study on
isolated NP cells indicated that increased RIPK1 expression
following compression-induced injury induces mitochon-
drial dysfunction and oxidative stress. However, how mito-
chondrial ROS affect NP cell viability in IVDs is still unclear.

Enhanced expression of catabolic markers such as matrix
metalloproteases (MMPs) and a disintegrin and metallopro-
teinase with thrombospondin motif (ADAMTS) proteins
and loss of glycosaminoglycan have been observed in NP
tissue after MS. Interestingly, Nasto et al. reported that mito-
chondrial ROS induce MMP gene expression in NP cells
in vitro, suggesting that mitochondrial ROS plays a patholog-
ical role in aging-related IVD degeneration [16]. Several

other reports have demonstrated that antioxidative therapy
suppresses the gene expression of ECM-destructive enzymes
in cartilage after MS [17]. Therefore, we hypothesized that
MS-induced catabolic marker expression and ECM degener-
ation are partly mediated by mitochondrial ROS.

Several studies have shown that high-impact loading is
a significant factor contributing to DDD [18–24]. Based
on this finding, we successfully established a disc degener-
ation organ culture model via one-strike loading [24]. This
model showed signs of early degeneration, including annulus
fibrosus (AF) fissures, ECM degradation, glycosaminoglycan
(GAG) release, and upregulated catabolic marker gene
expression. Our one-strike loading model may not fully
reveal the whole process of DDD development. Nevertheless,
it is well suited for investigating the pathogenesis of MS-
induced DDD at the early stage.

The objective of the present study was to investigate the
occurrence of programmed cell death, ECM degeneration,
and mitochondrial ROS production after MS in a one-strike
loading model. More importantly, the correlations among
MS, mitochondrial ROS, programmed cell death, and ECM
degeneration were evaluated by measuring cellular reactions
to help elucidate the molecular pathophysiology of DDD.

2. Materials and Methods

2.1. Isolation and Cultivation of IVDs. Tails from bovines
were obtained from a local abattoir. As we used leftovers of
the slaughterhouse, no approval of an ethical committee
was required according to Chinese regulations. IVD isolation
and cultivation were carried out as previously described on
day 0 [19]. In brief, after dissecting the surrounding soft
tissue, individual IVDs with endplates were resected with a
band saw. The endplates were rinsed with phosphate-
buffered saline (PBS) using an APEXPULSE Disposable
Pulse Lavage system (Apex, Guangzhou, China). Then, the
IVDs were washed with PBS containing 10% penicillin/strep-
tomycin (Gibco, Waltham, MA) for 15 minutes on a shaking
table. The IVDs were then incubated with Dulbecco’s modi-
fied Eagle’s medium (DMEM, Sigma-Aldrich, Munich,
Germany) supplemented with 2% fetal calf serum (FCS),
1% penicillin/streptomycin, 1% ITS+1 (Sigma-Aldrich),
50μg/ml L-ascorbic acid (Sigma-Aldrich), and 0.1% Primo-
cin (InvivoGen, San Diego, CA, USA) in a humidified
(85%) atmosphere with 5% CO2 at 37°C. All IVDs were
cultured under physiological loading (0.02–0.2MPa; 0.2Hz;
1 hour/day) within a custom-designed bioreactor from day
1 (Figure 1(a)). The culture medium was replaced once a
day after physiological loading. IVDs from the same tail were
randomly assigned to different groups. IVDs subjected to
only physiological loading culture were assigned to control
(CON) groups.

2.2. Mechanical Stress. IVDs were subjected to MS using a
custom-made universal mechanical tester in a custom-
designed incubation chamber at room temperature on day
1 (Figure 1(a)). During the MS period, the IVDs were incu-
bated in a culture medium to prevent dehydration. The IVDs
were first subjected to a preload of 10N for 3 minutes to
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prevent overhydration and to ensure reliable contact between
the endplate, the incubation chamber, and the mechanical
tester. MS injury was applied for one second with a strain
of 40% of the disc height. Following MS injury, the IVDs
were analyzed or incubated in a culture medium with daily
physiological loading for another 1 to 7 days.

2.3. Dynamic Compressive Stiffness. The dynamic compres-
sive stiffness was gauged by the custom-designed bioreactor
at several time points: on day 1, day 2, and day 7 after over-
night free-swelling culture [25]. The discs were first pre-
loaded with 10% strain for 3 minutes and then loaded
with 10 rounds of sinusoidal compression at 5–15% strain.
Dynamic stress was determined by the following equation:
ðFmax – FminÞ/S. Fmax and Fmin represent the maximum
and minimum forces achieved during one round, respec-
tively, and S is the sectional area of the IVD. The dynamic
compressive stiffness was gauged for every loading round,

and the average value from 10 rounds was calculated. The
stiffness gauged on day 1 was used as a baseline for
standardization.

2.4. Inhibitor Studies. For inhibitor studies, various reagents
were dissolved in dimethyl sulfoxide (DMSO) and diluted
in PBS. Then, 100μl of PBS containing reagent was injected
into the NP tissue with a 26-gauge needle during the middle
of the dynamic loading cycle. To exclude potential interfer-
ence, 100μl of PBS containing 0.05% DMSO was injected
into CON IVDs. After 2 hours of free-swelling recovery, the
IVDs were subjected to a one-time MS injury. To distinguish
between apoptosis and necroptosis, the RIPK1 inhibitor
necrostatin-1 (Nec-1, 80μm, MCE, NJ, USA) and the pan-
caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methylketone (Z-VAD-FMK, 50μm, MCE) were used. The
electron transport chain inhibitor rotenone (20μm, Sigma-
Aldrich) was used to inhibit mitochondrial ROS generation.
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Figure 1: (a) Bioreactor and custom-designed chamber for physiological loading and the universal mechanical tester for MS on bovine IVDs.
(b) Flow chart describing the study design.
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To verify the involvement of mitochondrial ROS in MS-
induced programmed NP cell death and disc degeneration,
the mitochondrial ROS scavenger mitoquinone mesylate
(MitoQ, 4μm, MCE) was used. MitoQ was mixed into the
culture medium after daily medium renewal.

2.5. Cell Viability Assay. Cell viability was evaluated using
calcein acetoxymethyl ester (calcein AM, eBioscience, Frank-
furt, Germany) and propidium iodide (PI, MCE). In this
system, green fluorescence indicates viable cells with intact
membranes, green/red fluorescence indicates viable cells with
compromised plasma membranes, and red fluorescence indi-
cates dead cells [26]. For histological analysis, the AF and
endplates were dissected with a scalpel. NP tissue was cut into
slices (100μm) with a vibrating microtome (Leica VT1200S,
Leica Microsystems, Germany). The NP tissue slices were
incubated with a culture medium containing 1μg/ml calcein
AM and 1μg/ml PI for one hour at 37°C. After washing with
PBS, the slices were immediately viewed using an inverted
confocal laser scanning microscope (Zeiss Confocal LSM
780, Carl Zeiss Jena GmbH, Jena, Germany), and one ran-
dom image per disc was analyzed. The numbers of viable
and dead cells were measured manually using ImageJ soft-
ware (National Institutes of Health, USA).

2.6. Measurement of Mitochondrial Membrane Potential.
Mitochondrial membrane potential was evaluated using
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbo-
cyanine iodide (JC-1, MCE). In cells with normal mitochon-
dria, JC-1 aggregates in mitochondria with a high red/green
fluorescence intensity ratio. In cells with compromised mito-
chondria, JC-1 aggregates become JC-1 monomers, and the
red/greenfluorescence intensity ratiodecreases.NP tissue slices
were incubated with a culture medium containing 10μM
JC-1 for one hour at 37°C. After washing with PBS, the
slices were immediately viewed using an inverted confocal
laser scanning microscope, and one random image per disc
was analyzed. The JC-1 red fluorescence intensity was ana-
lyzed using ImageJ software.

2.7. ROS Detection. Intracellular ROS generation was detected
using dihydroethidium (MCE). Dihydroethidium, which
penetrates the plasmamembrane quite easily, is converted into
ethidium bromide by superoxide anions and intercalates into
DNA in the nucleus, emitting marked red fluorescence. NP
slices were incubated with a culture medium containing
10μm dihydroethidium and 1μg/ml calcein AM for one hour
at 37°C. After washing with PBS, the slices were immediately
viewed using an inverted confocal laser scanning microscope,
and one random image per disc was analyzed. The numbers of
viable cells and dihydroethidium-positive cells were manually
measured using ImageJ software to calculate the proportion of
dihydroethidium-positive cells.

2.8. RNA Extraction and Real-Time Quantitative Polymerase
Chain Reaction (RT-qPCR).NP tissue was harvested on day 1
and day 7 for gene expression analysis. The cartilaginous
endplates of each IVD were detached, and approximately
150mg of NP tissue was collected. For RNA extraction, the
tissue samples were digested with 2mg/ml pronase for 1 hour

at 37°C, flash frozen, pulverized in liquid nitrogen, and
homogenized using a TissueLyser [27]. Total RNA extraction
was performed using TRI Reagent (Molecular Research
Center, Cincinnati, OH, USA), and then, 400ng of RNA
was converted to cDNA using a SuperScript VILO cDNA
Synthesis Kit (Life Technologies, Carlsbad, CA). RT-qPCR
was performed using PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific, USA) on a Real-Time System
(Bio-Rad). Each reaction mixture was 10μl and contained
2μl of 5 ng/μl cDNA, 5μl of 2x PowerUp SYBR Green Mas-
ter Mix, 2μl of nuclease-free water, and 0.5μl each of 10μM
forward and reverse primers. The following cycle conditions
were applied: 50°C for 2 minutes and 95°C for 2 minutes
followed by 44 cycles of 15 s at 95°C and 1 minute at
60°C. The specific primers used in this study were designed
by using Primer 6.0 software (Applied Biosystems, Foster
City, CA), and the sequences are provided in Table 1. Ribo-
somal protein lateral stalk subunit P0 (RPLP0) was used as
a reference gene. The data were analyzed using the 2-ΔΔCt

algorithm.

2.9. Histology. NP tissues were fixed in 4% paraformaldehyde
for 24 hours and dehydrated in graded sucrose solutions,
after which 10μm thick sections were prepared. Immunoflu-
orescence staining against CASPASE3 (1 : 400, Proteintech,
China), BCL2 (1 : 200, Proteintech), BAX (1 : 400, Protein-
tech), MLKL (1 : 400, Invitrogen, CA, USA), MMP1 (1 : 200,
Invitrogen), MMP3 (1 : 100, Proteintech), ADAMTS5
(1 : 200, Affinity, USA), and collagen II (1 : 200, Affinity)
was performed. Briefly, the sections were permeabilized with
0.3% Triton X-100 for 30 minutes and then blocked with 5%
bovine serum albumin and 0.1% Triton X-100 for 1 hour at
room temperature. Subsequently, the sections were incu-
bated with antibodies at 4°C overnight. The tissue sections
were thoroughly washed with Tris-buffered saline with
Tween-20 (TBST) and incubated with a Fluor-594-
conjugated anti-rabbit secondary antibody (Jackson Immu-
noResearch Inc., West Grove, PA, USA) at a 1 : 300 dilution
for 1 hour at room temperature. Then, the sections were
washed with TBST again, and the nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI, Abcam, Ger-
many) for 10 minutes.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) was used to detect DNA frag-
mentation, which is known to be a characteristic of apoptosis.
TUNEL staining was performed according to the instructions
of a TUNEL Apoptosis Assay Kit (Dalian Meilun Biotech.,
Dalian, China), and the nuclei were counterstained with
DAPI (Abcam) for 10 minutes. Images were visualized using
an LSM 780 confocal microscope (Zeiss) with Zen Black soft-
ware and analyzed using ImageJ.

After 0, 4, and 7 days of culture, IVDs were quickly fresh
frozen, transected into 10μm thick sections and then fixed in
100% methanol. Safranin O (Sigma-Aldrich) and 0.02% Fast
Green (Sigma-Aldrich) were used to show overall matrix
organization, and Weigert’s hematoxylin (Sigma-Aldrich)
was used to show nuclear distribution. The stained sections
were imaged with a digital pathology system (Kfbio, Ningbo,
China). A semiquantitative scoring system was used to
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determine the degree of degeneration [18]. The histological
grading criteria were based mainly on cleft patterns found
in the IVDs, with scores ranging from 0 to 9.

2.10. Measurement of Oxidized Glutathione (GSSG) and
Total Glutathione. GSSG and total glutathione were mea-
sured using a GSH (reduced glutathione) and GSSG Assay
Kit (Beyotime Biotechnology, China). Briefly, NP tissues
were pulverized in liquid nitrogen, homogenized in a buffer
according to the instructions, and then centrifuged. To mea-
sure GSSG, GSH was blocked prior to the reaction with GSH
reductase and NADPH. To measure total glutathione (GSSG
+GSH), the supernatant was added to a buffer containing

GSH reductase and NADPH. Five minutes later, dithionitro-
benzoic acid (DTNB) was added, and the absorbance was
measured at 412nm.

2.11. Analysis of Released GAG. Cumulative release of GAG
to the conditioned medium was measured using a modified
1,9-dimethylmethylene blue (DMMB) method [28]. The
DMMB solution was prepared by dissolving 16mg of DMMB
(Sigma-Aldrich), 3.04 g of glycine (Sigma-Aldrich), and
2.37 g of NaCl in 1 L of distilled water (pH3.0). Diluted con-
ditioned medium (20μl) was mixed with 200μl of DMMB
solution, and the absorbance was immediately measured at
535 nm. Serial dilutions of chondroitin 4-sulfate sodium salt
(Aladdin, Shanghai, China) were used to generate the GAG
standard reference curve.

2.12. Statistical Analysis. All statistical analyses were performed
using SPSS 22.0 (IBM, Chicago, IL, USA). The Shapiro–Wilk
normality test was performed to evaluate the normality of the
data distribution. Comparisons between two groups were
performed using Student’s t-test for normally distributed
data and Mann–Whitney U-tests for nonnormally distrib-
uted data. A difference was considered significant when the
P value was <0.05.

3. Results

3.1. Presence of Mitochondrial ROS Accumulation and
Mitochondrial Dysfunction in NP Cells after MS. Dihy-
droethidium staining was used to detect ROS production in
NP cells at several time points after MS. MS significantly
increased the ROS-positive cell proportion and remained at
a stable high level over the first 12 hours (Figures 2(a) and
2(b)). Afterward, the proportion of ROS-positive cells
decreased sharply and reached a low level by 48 hours. The
proportion of ROS-positive cells remained stable in the phys-
iological loading culture group. The mitochondrial electron
transport inhibitor rotenone significantly reduced the pro-
portion of ROS-positive cells immediately after MS (~78%,
P < 0:01) (Figure 2(c)). The mitochondrial ROS scavenger
MitoQ also significantly decreased the proportion of ROS-
positive cells (~73%, P < 0:01).

JC-1 staining was used to monitor mitochondrial mem-
brane potential in NP tissue immediately after MS. The NP
cell mitochondrial membrane potential was significantly
decreased in the MS group (Figures 2(d) and 2(e)). MitoQ
pretreatment partially attenuated the depression of mito-
chondrial membrane potential. These results indicated that
MS was able to directly induce mitochondrial dysfunction.

The GSSG/total glutathione ratio was calculated to
further evaluate ROS levels in NP tissue. As shown in
Figure 2(f), MS treatment increased the GSSG/total glutathi-
one ratio, and this increase was alleviated by MitoQ pretreat-
ment. In addition, RT-qPCR results showed that MitoQ
significantly inhibited the mRNA expression of catalase
(CAT) caused by MS (Figures 2(g) and 2(h)). These results
demonstrated that the time-dependent ROS accumulation
was mainly derived from the mitochondria after MS.

Table 1: Primers used for RT-qPCR.

ADAMSTS4
F:5′-TACCGAGGGACTGAACTCCACATC-3′
R:5′-GGAATGCCGCCATCTTGTCATCT-3′

ADAMSTS5
F:5′-TGTGCGGTGATTGAAGACGATGG-3′

R:5′-TGCTGGTGAGGATGGAAGACATTAAG-3′

BAX
F:5′-TTTGCTTCAGGGTTTCATCCAGGATC-3′
R:5′-AGACACTCGCTCAGCTTCTTGGT-3′

BCL2
F:5′-TGTGGATGACCGAGTACCTGAAC-3′

R:5′-GAGACAGCCAGGAGAAATCAAACAG-3′

CASPASE3
F:5′-CGCATATTCTACAGCACCTGGTTAC-3′
R:5′-AGCATCTCACAAAGAGCCTGGAT-3′

CAT
F:5′-TCAACAGTGCCAACGATGACAATG-3′
R:5′-GATGCGGGAGCCATATTCAGGAT-3′

COL2A1
F:5′-GAGCAGCAAGAGCAAGGACAAGA-3′

R:5′-GCAGTGGTAGGTGATGTTCTGAGAG-3′

MLKL
F:5′-CAGACTTCCATCAGCCGACAAACTA-3′
R:5′-ATCTCCCAGAGGACAATTCCAAAGC-3′

MMP1
F:5′-CCAGACCTGTCAAGAGCAGATGT-3′
R:5′-ATGAGCGTCTCCTCCGATACCT-3′

MMP3
F:5′-AACCTTCCGATTCTGCTGTTGCTA-3′
R:5′-GCTTGCGTATCACCTCCAGAGT-3′

MMP13
F:5′-AGACAAATGTGACCCTTCC-3′
R:5′-ATAGGCGGCATCAATACG-3′

RIPK1
F:5′-CTCGCTTACCCTGGTGTGATGA-3′
R:5′-TGATGGCAAGGAGGTGAATGGA-3′

RIPK3
F:5′-TCAAGCCCTCCAATGTCCTACTAGA-3′
R:5′-ACTGTGAGCCTCCCTGAAATGTG-3′

RPLP0
F:5′-CACGCTGCTGAACATGCTGAAC-3′
R:5′-AGGCACACGCTGGCAACATT-3′

SOD2
F:5′-TCTTCTGGACAAATCTGAGCCCTA-3′
R:5′-TCCTGGTTAGAACAAGCAGCAATC-3′
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Figure 2: Continued.
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3.2. NP Cell Viability Change after MS. To explore the NP cell
death mechanisms after MS, IVDs were cultivated and subse-
quently analyzed for cell viability at different time points. The
application of MS to IVDs resulted in a dramatic time-
dependent decrease in NP cell viability (Figures 3(a) and
3(b)). A small portion of NP cell death occurred immediately
after MS, and cell viability remained stable during the first 12
hours ([CON vs. MS 0 hours]: 9.2%, P < 0:01; [MS 0 hours vs.
MS 12 hours]: 1.9%, P > 0:05). More than 70% of NP cell
death occurred within 12 to 48 hours after MS ([CON vs.
MS 12 hours]: 11.1%, P < 0:05; [MS 12 hours vs. MS 48
hours]: 27.8%, P < 0:01). Cell viability reached a relatively
stable status ([MS 48 hours vs. MS 72 hours]: 2.2%, P >
0:05) at 48 hours after MS application. Cell viability in the
CON group remained stable at nearly 94% ([CON vs. CON
72 hours]: 1.8%, P > 0:05) after 72 hours in physiological
loading culture. Thus, both the magnitude and the mecha-
nism of cell death varied with time after MS.

The dramatic decrease in NP cell viability after 12 hours
of MS suggested that, aside from necrosis that was directly
caused by MS, programmed cell death was activated. For this
reason, IVDs were pretreated with Z-VAD-FMK, Nec-1, or
MitoQ for 2 hours and then subjected to MS. Cell viability
analysis showed that inhibitor pretreatment significantly
alleviated NP cell death (20% cell viability in the MitoQ
group, P < 0:05; 15.82% cell viability in the Z-VAD-FMK
group, P < 0:05; 13.12% cell viability in the Nec-1 group,
P < 0:05) with respect to the MS group (Figure 3(c)).

3.3. Programmed Cell Death-Associated Marker Changes in
NP Tissue after MS. We further investigated the relative
changes in apoptosis indicator genes (CASPASE3, BCL2,
and BAX) and necroptosis indicator genes (RIP1, RIP3, and
MLKL) (Figures 4(a)–4(f)). The mRNA expression levels of

apoptosis and necroptosis genes were significantly increased
at 12 hours after MS, and MitoQ pretreatment alleviated
some of these changes (CASPASE3, RIP1, RIP3, and MLKL).
In line with the mRNA expression results, the results of
immunofluorescence staining showed that apoptosis (CAS-
PASE3, BAX, and BAX/BCL2 radio) and necroptosis
(MLKL) were significantly increased at 12 hours after MS
(Figures 4(g)–4(j) and 4(m)). MitoQ pretreatment signifi-
cantly suppressed the expression of the programmed cell
death-related markers MLKL, CASPASE3, and BAX and
elevated the expression of BCL2. In addition, TUNEL stain-
ing indicated that MitoQ remarkably reversed the NP cell
apoptosis caused by MS (P < 0:01) (Figures 4(k) and 4(l)).

To determine whether MS has a long-lasting impact
on NP cell programmed death, the mRNA/protein levels
of apoptosis and necroptosis genes and proteins were mea-
sured in the 7-day MS group. The levels of these markers
were not significantly different between the 7-day MS group
and the 7-day CON group (Figures 4(a)–4(j) and 4(m)).
TUNEL staining indicated that there was no significant dif-
ference in the level of apoptosis between these two groups
(Figures 4(k) and 4(l)).

3.4. Metabolic Dysregulation in NP Tissue after MS.NP tissue
from both the MS group and the CON group was harvested
for metabolic analysis at 12 hours and 7 days after MS.
Compared with the CON group, the MS group exhibited
upregulated catabolic gene (MMP1, MMP3, and ADAMTS5)
expression levels and downregulated collagen type II alpha 1
(COL2A1) expression levels 12 hours after MS (Figures 5(a)–
5(f)). The immunofluorescence staining results further con-
firmed the above changes (Figures 5(g)–5(j)). MitoQ pretreat-
ment partly alleviated the MS-induced metabolic dysregulation.
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Figure 2: MS induced large-scale mitochondrial ROS generation and mitochondrial dysfunction. (a) Typical confocal images showing the
viable cells (green) and ROS-positive cells (red) in the CON group and the MS group at 0 hours after MS. (b) Percentages of ROS-positive
cells measured in the CON group and the MS group at different time points. (c) Rotenone and MitoQ pretreatment reduced the
percentage of ROS-positive cells. (d) Typical confocal images of JC-1 staining showing the red fluorescence of JC-1 aggregates and the
green signal of JC-1 monomers at 0 hours after MS. (e) Quantification of the mitochondrial membrane potential (ratio of red to green
fluorescence) in the CON, MS, and MitoQ pretreatment groups. (f) The relative ratio of GSSG to total glutathione was measured at 12
hours after MS. (g, h) Quantification of SOD2 and CAT mRNA levels at 12 hours after MS. Scale bars, 50μm and 5μm (inset). The values
are expressed as the means ± SEMs. n = 3, ∗P < 0:05, and ∗∗P < 0:01.
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To further investigate the extent of metabolic dysregula-
tion, we analyzed cumulative GAG release using the DMMB
method. The conditioned medium was collected daily after
free-swelling culture. The value measured on day 1 was used
as a baseline for normalization. MS significantly increased
the cumulative GAG release on day 7. MitoQ pretreatment
partially prevented GAG loss (Figure 5(k)).

3.5. Dynamic Compressive Stiffness and Morphology of IVDs.
On the first day after MS, the changes in dynamic compres-
sive stiffness did not significantly differ among the CON,
MS, and MitoQ+MS groups (Figure 6(c)). Compared with
those in the CON group, the IVDs in the MS group exhibited
significantly lower stiffness on day 7, but this difference was
attenuated by MitoQ (Figure 6(d)). These results indicated
that MS reduced the stiffness of IVDs partly through mito-
chondrial ROS.

We then evaluated the morphology of IVDs by Safranin
O/Fast Green and hematoxylin staining. Seven days after MS
application, the MS group had significantly higher degenera-

tion scores than the CON group. Moreover, there were no sig-
nificant differences in degeneration scores between day 4 and
day 7 after MS application. In MitoQ-pretreated IVDs, the
degeneration scores were significantly reduced (Figures 6(e)
and 6(f)).

4. Discussion

MS has been identified as a significant risk factor for the
onset and progression of DDD [27]. Numerous reports have
suggested that sophisticated molecular cascades are involved
in the pathophysiology of MS-induced DDD [29, 30]. In the
current study, we attempted to address the interplay between
mitochondrial ROS and DDD in an IVD organ culture model
by using a custom-made universal mechanical tester. We
obtained evidence that multiple modes of cell death are
involved in MS-induced NP cell death, with mitochondrial
ROS-orchestrated programmed cell death playing a critical
role. Our data suggest that mitochondrial ROS are the pri-
mary sources of oxidants in IVDs after MS. In addition, we
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Figure 3: The time course of MS-induced NP cell death. (a) Typical confocal images showing the dead cells (red) and viable cells (green) after
MS at different time points (0 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 72 hours). Scale bars, 50 μm. (b) Quantification of the ratio of
viable cells to total cells in the CON group and the MS group at different time points. (c) Quantification of the ratio of viable cells to total cells
in the MitoQ, Nec-1, and Z-VAD pretreatment groups. Values are expressed as the means ± SEM. n = 3, ∗P < 0:05, and ∗∗P < 0:01.
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Figure 4: Continued.
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Figure 4: Continued.
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found that MS-induced ECM degeneration is mediated, at
least in part, by mitochondrial ROS. Furthermore, we found
that MS alters metabolic and programmed cell death-
related marker expression levels at early time points.

ROS, as pleiotropic pathophysiological signaling agents,
are generated from diverse intracellular sources, including
cytosolic membrane NADPH oxidase, mitochondrial respi-
ratory complexes, xanthine oxidase, and uncoupled nitric
oxide synthase [31]. Accumulating evidence suggests that
ROS play a crucial role in the onset and exacerbation of
DDD [32]. Although a number of studies have suggested that
mitochondrial-derived ROS participate in DDD, no studies
have investigated the primary sources of ROS in NP cells
after MS. MitoQ is a mitochondrial-targeted ROS scavenger
that has been shown in numerous studies to alleviate oxida-

tive damage and decrease mitochondrial ROS levels [33].
We used MitoQ in our research to elucidate the importance
of mitochondrial ROS in MS-induced cell death and ECM
degradation. We also used rotenone to inhibit mitochondrial
respiratory chain complex I. Rotenone pretreatment signifi-
cantly and immediately inhibited ROS production after MS.
In addition, the mitochondrial-targeted antioxidant MitoQ
attenuated large-scale MS-induced ROS production. Thus,
the data suggested that mitochondrial ROS were the main
sources of oxidants in our model system. We also studied
the time course of ROS generation. The proportion of ROS-
positive cells reached a high level at the earliest observation
time point. Long-term follow-up revealed that the propor-
tion of positive cells remained stable from 0 to 12 hours but
decreased sharply by 24 hours and reached a relatively low
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Figure 4: MS induced programmed NP cell death via mitochondrial ROS. (a–f) Necroptosis- and apoptosis-related gene expression in NP
tissue was examined using RT-qPCR. The gene expression levels in the MS group and the MitoQ+MS group are expressed relative to
those in the CON group at 12 hours after MS. The expression levels in the MS 7-day group were similar to those in the CON 7-day group.
n = 3. (g–j) Necroptosis- and apoptosis-related markers in NP tissue were examined using immunohistochemical staining. Scale bars,
50μm and 5 μm (inset). n = 3. (k, l) Apoptotic NP cells were examined using TUNEL staining, and the percentage of positive cells was
quantified. Scale bars, 50 μm. n = 3. (m) Quantification analysis of the Bax/Bcl-2 immunohistochemical staining ratio. The data are
expressed as the means ± SEMs. ∗P < 0:05 and ∗∗P < 0:01.
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Figure 5: Continued.
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Figure 5: Mitochondrial ROS participated in MS-mediated metabolic dysregulation. Gene expression was analyzed by RT-qPCR for (a)
MMP1, (b) MMP3, (c) MMP13, (d) ADAMTS4, (e) ADAMTS5, and (f) COL2A1. The gene expression levels in the MS group and the
MitoQ+MS group are expressed relative to those in the CON group at 12 hours after MS. The expression levels in the MS 7-day group
were similar to those in the CON 7-day group. The data are expressed as the means ± SEMs. n = 5. (g–j) Anabolic-related markers and
collagen II in NP tissue were examined using immunohistochemical staining. Scale bars, 50μm and 5 μm (inset). n = 3. (k) Cumulative
release of GAG into a culture medium. n = 3. The data are expressed as the means ± SEMs. ∗P < 0:05 and ∗∗P < 0:01.
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level at 48 hours after MS. These data indicate that ROS-
related pathological changes may be limited to the early stage
after MS.

In ex vivo studies using bovine IVD whole-organ culture
models, MS has been found to reduce NP cell viability [34].
However, the NP cell death mode and time course have
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Figure 6: Mitochondrial ROS participated in MS-induced IVD dynamic compressive stiffness reduction and morphological degenerative
changes. (a) Representative strain curves of the IVDs during stiffness gauging at a single time point. (b) Representative stress curves of the
IVDs during stiffness gauging at a single time point. (c, d) Dynamic compressive stiffness measured on day 1 after overnight swelling (the
day after dissection), on day 2 after overnight swelling (the day after MS), and on day 7 after overnight swelling recovery. The data were
normalized to the levels on day 1 after overnight swelling. (e) The morphology of the IVDs was evaluated by Safranin O/Fast Green
staining. Scale bars, 625μm. (f) Degeneration scores based on Safranin O/Fast Green staining. The data are expressed as the means ±
SEMs. n = 3, ∗P < 0:05, and ∗∗P < 0:01.
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remained largely unknown. Live/dead cell analysis of IVDs
revealed that cell viability remained steady during the first
12 hours after MS, except that a few cells were lost immedi-
ately after MS, and that subsequent large-scale cell death
occurred at 24 hours. The acute cell loss might have resulted
from necrotic cell death induced by MS. The later occurrence
of large-scale cell death suggested that, in addition to necro-
sis, programmed cell death was initiated.

In vitro experiments using a variety of cell culture com-
pression apparatuses have shown that MS to NP cells
induces apoptosis and necroptosis [15]. However, previous
reports have focused mainly on short-term changes in the
cell death mode, and there have been no reports about
the long-term effects of MS on NP cells. To our knowledge,
this is the first study to investigate the changes in pro-
grammed death after MS injury at early time points (12
hours) and long-term time points (7 days). In line with pre-
vious studies, our study demonstrated that necroptosis and
apoptosis occurred in the IVD organ culture model in
response to MS at early time points. However, necroptosis-
and apoptosis-associated markers returned to normal levels
by day 7 after force application. These data demonstrated
that the influence of MS on NP cell viability was confined
to a relatively short period.

The time course of NP cell death was consistent with the
kinetics of mitochondrial ROS in this model, which peaked
and then remained stable during the first 12 hours before
decreasing to a relatively low level by 48 hours after MS. It
is reasonable to suppose that mitochondrial ROS were partly
responsible for the induction of necroptosis and apoptosis. In
this study, MitoQ pretreatment significantly improved cell
viability and partially restored necroptosis- and apoptosis-
associated marker levels in the IVD model. Therefore, the
results indicated that MS induced apoptosis and necroptosis
via mitochondrial ROS in NP cells.

Similar to a number of previous studies, our study
revealed that MS increased catabolic gene expression and
ECM degeneration [35]. In the present study, using an
ex vivo bovine IVD organ culture model, we found that
MitoQ pretreatment attenuated the ECM degeneration and
reduced catabolic marker expression. Based on the previ-
ously reported deleterious effects of ROS on the expression
of catabolic markers and ECM integrity, these findings indi-
cate that increased mitochondrial ROS levels are partly
responsible for MS-induced degenerative changes in the disc
NP region. As a previous study failed to provoke matrix
degradation via catabolic molecules in bovine IVDs, further
investigation is needed to explore the potential molecular
mechanisms responsible for mitochondrial ROS-mediated
NP tissue degeneration [36].

There were several limitations of our study. First, the
ex vivo IVD organ model used in our study was subjected
to acute compressive MS. Whether the research findings
can be applied to complex physiological MS needs further
investigation. Second, we confirmed that mitochondrial
ROS are partly responsible for the induction of programmed
NP cell death after MS, but we did not elucidate the precise
molecular mechanisms. Third, the mitochondrial ROS eleva-
tion discussed in our study may represent only a small

proportion of the mitochondrial dysfunction mechanisms
at play. More intricate mechanisms of mitochondrial dys-
function in DDD should be further investigated in future
studies.

5. Conclusions

The data demonstrate that ROS induce programmed NP cell
death and ECM degradation at early time points after MS.
These accumulated ROS are derived mainly from mitochon-
dria. These findings suggest that the use of mitochondrial-
targeted antioxidants immediately after MS may be a prom-
ising method to prevent the onset or progression of DDD.
Our results also provide novel insight into the pathological
mechanism of DDD.
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Although intervertebral disc degeneration (IDD) can be described as different stages of change through biological methods, this
long and complex process cannot be defined in stages by single or simple combination of biological techniques. Under the
background of the development of nuclear magnetic resonance (NMR) technology and the emerging metabonomics, we based
on animal models and expanded to the study of clinical human degeneration models. The characteristics of different stages of
IDD were analyzed by omics. Omics imaging combined with histology, cytology, and proteomics was used for screening of the
intervertebral disc (IVD) of research subjects. Furthermore, mass spectrometry nontargeted metabolomics was used to explore
profile of metabolites at different stages of the IDD process, to determine differential metabolic pathways and metabolites.
NMR spectroscopy was used to qualitatively and quantitatively identify markers of degeneration. NMR was combined with
mass spectrometry metabolomics to explore metabolic pathways. Metabolic pathways were determined through protein
molecular biology and histocytology of the different groups. Distinguishing advantages of magnetic resonance spectroscopy
(MRS) for analysis of metabolites and effective reflection of structural integrity and water molecule metabolism through
diffusion tensor imaging (DTI) were further used to verify the macrometabolism profile during degeneration. A corresponding
model of in vitro metabolomics and in vivo omics imaging was established. The findings of this study show that a series of
metabolic pathways associated with the glycine-serine-threonine (Gly-Ser-Thr) metabolic axis affects carbohydrate patterns and
energy utilization efficiency and ultimately delays disc degeneration through antioxidant effects.

1. Introduction

Lumbar disc degeneration causes lumbar disc herniation,
lumbar spinal stenosis, and other lumbar disc degeneration
diseases [1]. Degenerative disc disease involves genetic,
mechanical, immune, metabolic, and other complex physio-
logical processes [2–4].

The intervertebral disc (IVD) is located between the
vertebral bodies. It facilitates in intervertebral motion and
distributes compressive load in adjacent vertebral bodies
[5]. IVD consists of nucleus pulposus (NP), annulus fibrosus
(AF), and endplates (EP) forming a relatively closed organ
[6]. It is the largest hypovascular unit in the human body
[7] and an immune-exempt organ [8]; therefore, its special
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anatomical structure determines the pathophysiological
specificity of IVD tissue [9]. The process and mode of degen-
eration of IVD are different from other tissues and organs.
Loss of NP cells through degeneration and necrosis is the main
feature of intervertebral disc degeneration (IDD). The extra-
cellular matrix (ECM) component [10] and content of the type
II collagen-based ECM secreted show significant changes
during degeneration. ECM is the morphological maintenance
structure. The live environment of NP cells and its metabolic
regulation dominate the degeneration process.

Clinical diagnosis of IDD is mainly based on magnetic
resonance imaging (MRI) as the first noninvasive examina-
tion. Degree of degeneration is defined by Pfirrmann grad-
ing, which is based on T2WI images [11]. The overall
shape and signal strength of the IVD are divided into five
types. Clinical treatment of IDD is mostly involved decom-
pression, fusion, and stabilization [12], and currently, there
is no effective means to interfere with the degeneration pro-
cess. The focus of studies on IDD is relatively fragmented,
involving only limited proteins and factors, and cannot be
used to systematically understand metabolism of related
substances and their interaction mechanisms. The discovery
of metabolomics in the 21st century [13] enables new under-
standing of a variety of biological functions. The easy-to-
detect and easily identifiable properties of metabolites result
in an effective bridge between molecular biology research
and macroscopic cell behavior [14–16].

This study used mass spectrometry and nuclear
magnetic resonance (NMR) metabolomics to explore meta-
bolic characteristics of each process of IDD to understand
the biological characteristics of the IVD. In addition, the
findings of this study show the degeneration process from
the level of material metabolism. The findings were verified
through omics imaging, molecular biology, and histopathol-
ogy thus establishing a complete metabolic profile. These
findings showed the degenerative mechanism of antioxida-
tion attenuation of the IVD.

2. Materials and Methods

2.1. Laboratory Animals and Ethics Statement. 48 healthy
Sprague-Dawley (SD) rats were purchased from Shandong
Jinan Animal Experiment and Breeding Center. The weight
of animals ranged between 557 ± 31:5 g for males and 509
± 26:3 g for females. Male rats were raised in different cages
from female rats. Animals were maintained under suitable
temperature and light control conditions (22 ± 2°C, 12 h
light-dark cycle) and provided with rodent food and water
ad libitum. All experimental procedures were approved by
the Ethics Committee of Qingdao University (approval
number: QDFY-19-012-03) and were implemented in accor-
dance with relevant guidelines and regulations.

2.2. Handling and Grouping of Experimental Animals.
Twenty-four 6-month-old healthy SD rats of the same strain
were selected and were similar in size and weight. Three
consecutive segments of intervertebral space were selected
for ultrasound-guided puncture (the segment was Co3-6),
with no intervention for grade I IVD, unidirectional punc-

ture with a fine puncture needle for grade II intervertebral
disk, and multidirectional puncture with a thick puncture
needle for grade III intervertebral disk. Three weeks later,
3.0 T magnetic resonance imaging (MRI) T2WI sequence
and computed tomography (CT) scan confirmed establish-
ment of the model.

2.3. Sources and Processing Methods of Human Samples.
Selection criteria for experimental subjects were as follows:
participants who presented with degenerative disease or
acute injury of the lumbar spine that required IVD ectomy
or discectomy and MRI can be performed at the correspond-
ing time node before and after surgery were included in this
study. Patients with tumors, infections, malformations,
immune diseases, genetic diseases, metabolic diseases, and
the young (<16 years) and elderly (>80 years) were excluded
from the study. In vitro samples were obtained from 16- to
35-year-old patients with acute trauma. In this study,
in vivo and in vitro experiments were performed after
obtaining informed consent of patients and their families.
All participants met ethical standards.

2.4. Data and Sample Acquisition Method. Image data was
obtained by GE®3.0 T for preoperative MRI T1WI, SAG-
FSE-TSE, T2WI, diffusion tensor imaging (DTI) and
magnetic resonance spectroscopy (MRS). The correspond-
ing relationship database of image data was established using
patient information. Samples were collected by conventional
surgical methods within 24 hours of injury or onset based on
the preoperative MRI lesion responsibility segment. Samples
were divided into four parts (for mass spectrometry, MRI,
histopathology, cell culture, and molecular biology detec-
tion) and washed with distilled water. Samples were stored
in vacuum packages and stored at low temperature.

2.5. Histopathological and Cellular Experiments. Paraffin-
embedded sections: the attached tissue was separated from
the spine, and tissues sections were fixed with 4% paraformal-
dehyde (Dalian Meilun Biological Co., Ltd., China) for 72h.
EDTA (Solarbio, China), NaOH (Shanghai Abel Chemical
Company, China), and HCL (Tianjin Damao Reagent Com-
pany, China) were used to produce decalcification agent (pH
7.3-7.4) for decalcification. The decalcification agent was
changed every week, for 4 weeks. After decalcification,
paraffin-embedded sections of decalcified tissue (thickness 3-
4μm) were obtained.

2.5.1. HE Staining. To explore the tissue structure, the paraf-
fin sections were stained using the HE kit (Solarbio). Paraffin
sections were deparaffinized with xylene (Dalian Meilun
Biological Co., Ltd., China) and washed with gradient etha-
nol (Dalian Meilun Biological Co., Ltd., China) and then
rinsed with distilled water for hydration. Tissue sections
were then stained with hematoxylin staining solution, differ-
entiation solution, and eosin staining solution. After stain-
ing, gradient ethanol was used for dehydration, and then,
tissues were treated with xylene : carbolic acid (3 : 1) to make
them transparent and then sealed with neutral resin. Tissue
sections were then observed under a light microscope.
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2.5.2. Masson Staining. To explore distribution and content
of collagen fibers in tissues, paraffinized sections were
stained with the Masson kit (Solarbio). In summary, paraffin
sections were deparaffinized with xylene (Dalian Meilun
Biological Co., Ltd., China) and stained with Weigert iron
hematoxylin. Fluid staining was used for acidic differentia-
tion. Further, tissues were stained with Ponceau-magenta
staining solution. Tissue sections were then washed with
weak acid working solution and phosphomolybdic acid solu-
tion. Tissues were stained with aniline blue staining solution,
rinsed with weak acid working solution, and dehydrated
with 95% ethanol (Dalian Meilun Biological Co., Ltd.,
China). Xylene solution was added to make tissues transpar-
ent, and tissues were then sealed with neutral resin and
observed under a light microscope.

2.5.3. Safranin O-Fast Green Staining. To assess the relative
distribution of bone and cartilage in the tissue, paraffinized
sections were stained with the Safranin O-Fast Green Kit
(Solarbio). Paraffin sections were deparaffinized with xylene
(Dalian Meilun Biological Co., Ltd., China). Weigert iron
hematoxylin staining solution was then used for staining
and acidic differentiation solution for differentiation. Fast
green dye solution was used for dip dyeing, and tissues were
washed with weak acid working solution. Tissues were dip-
stained with Safranin O and dehydrated with gradient
ethanol (Dalian Meilun Biological Co., Ltd., China). Xylene
was used to make tissues transparent, and the film was
mounted with neutral resin. Tissues were then observed
under a light microscope.

2.5.4. Immunohistochemistry. Immunohistochemistry was
used to evaluate the expression levels of MMP3/TIMP1 in
tissues. Paraffin wax slices were baked overnight. Xylene
(Dalian Meilun Biological Co., Ltd., China) was used for
dewaxing, washed with gradient ethanol (Dalian Meilun
Biological Co., Ltd., China), and TBST buffer was used for
hydration. 3% hydrogen peroxide solution was added for
blocking, and tissue sections were then washed with TBST
solution. The slices were washed with TBST solution after
antigen retrieval. Tissue slices were placed flat in the wet
box, and the tissue boundary indicated with a hydrophobic
pen, and then, 3% BSA solution was added. The blocking
solution was aspirated, and primary antibody was added
(MMP3/TIMP1 antibody purchased from Santa Cruz), and
then, the mixture was incubated overnight at 4°C. Sections
were warmed to room temperature and washed with TBST
solution. Tissue sections were then incubated with second-
ary antibody at room temperature, and color was developed
with diaminobenzidine (DAB) solution, under controlled
reaction time. Tissues were then observed under a micro-
scope. Hematoxylin solution was used for dyeing and coun-
terstaining, and then, tissues were alkalized with alkalized
water. Tissue sections were dehydrated with gradient etha-
nol (Dalian Meilun Biological Co., Ltd., China), and xylene
was used to make sections transparent. The slide was
mounted with neutral resin, and then, tissue sections were
observed under a light microscope.

2.5.5. Cell Morphology and Cell Activity. AF and EP were
separated from isolated IVD tissues. Primary NP cells were
extracted from the NP tissue using the type II collagenase
method. Cell culture flask containing NP cells was placed
at 37°C, under 5% CO2 incubator. The flask was taken out
on days 1, 3, 5, and 7 for observation of cell morphology.
The CCK-8 method was used to quantitatively analyze
proliferation activity of NP cells at various levels. Cells were
counted and seeded in a 96-well plate. Cells were then incu-
bated in a 5% CO2 incubator at 37°C, for 4 hours; 10%
CCK-8 was added by changing the medium. After addi-
tion of CCK-8, cells were incubated for 2 h in the incuba-
tor, and the absorbance was determined at 450nm using a
microplate reader.

2.6. Western Blot (WB) Analysis. Western blot was used to
detect degenerative factors in IVD samples. In summary,
separation gel and concentrated gel were prepared, and
samples were loaded according to the measured protein
concentration. The application antibody product number
information is TIMP1 (bs-0415R), TIMP2 (10396-H01H),
TIMP3 (ab159704), MMP1 (bs-4597), MMP9 (sc-13520),
MMP13 (310471-T40), MATN3 (ab106388), IL11 (ab76589),
Aggrecan (bs-11655R), Collagen II (bs-11929R), and β-actin
(bs-0061R). Samples were subjected at constant voltage 80V
electrophoresis. After entry of bromophenol blue dye in the
separation gel, the constant voltage was changed to 100V and
electrophoresis was performed until the bromophenol blue
dye reached the bottom of the separation gel. After cutting the
glue, the membrane was transferred in a transfer box. PVDF
membrane was sealed with skimmedmilk powder, and primary
antibody was added at 4°C overnight. After washing samples
in the TBST shaker, secondary antibody was added to sam-
ples and incubated for 1h. Liquid A and liquid B in the ECL
kit were used to prepare a luminescent liquid 1 : 1. The liquid
was added to the PVDF membrane and then placed on the
Bio-Rad developing instrument for development. Expression
of the target protein was observed, and images were obtained
for analysis.

2.7. Routine Sequence Scanning and Pfirrmann Classification.
A 3.0T MRI machine (GE®-MR750, USA) was used to per-
form one-time detection of T1WI, T2WI, and other sequences
after setting the relevant scanning parameters. Pfirrmann
grading of the IVD was determined based on T2WI.

2.8. DTI Detection Scan and ADC Value and FA Value
Analysis. A 3.0T MRI machine (GE®-MR750, USA) mag-
netic resonance imager was used to perform DWI imaging.
Data were imported into PACS system to determine appar-
ent diffusion coefficient (ADC) and partial anisotropy index
(fractional anisotropy (FA)) of region of interest (ROI)
related to the intervertebral disc nucleus pulposus.

2.9. NMR In Vivo1H Spectrum Detection Scan and Data
Processing. GE®3.0 T DISCOVERY MR750 was used to
obtain the original data and which was then preprocessed
with jMRUI_v6.0 beta to obtain MRS fitting spectrum. Peak
calibration was performed on the final curve to obtain rele-
vant compound information. Analysis of 1H spectrum was
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mainly the H atom signal distribution of characteristic
groups. Distribution of the compound represented by each
peak was assigned a compound name based on the identifi-
cation of synchronous mass spectrometry. The assignment
was determined by standard compound NMR spectrum
database (https://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index
.cgi?+lang=eng). The assignment indicated the 1H spectrum
representative peaks of each level of IVD.

2.10. Nontargeted Metabonomics Analysis by High-
Resolution Mass Spectrometry (HRMS). Ultrahigh-resolution
performance liquid chromatography-Q-HF-X hybrid-high-
resolution mass spectrometer detection (UHPLC-Q-HFX-
HRMS): samples were washed and dried and then
pretreated, extracted, and homogenized with a homogenizer
and then sampled for testing. Mass spectrum platform was
used for analysis of samples. Total ion chromatogram
(TIC) was obtained from the raw data after noise reduction,
baseline correction, peak alignment, data binning, peak stan-
dardization, and standardization.

Metabolite difference analysis: multivariate statistical anal-
ysis was performed using principal component analysis (PCA)
and orthogonal partial least squares discriminant analysis
(OPLS-DA) to identify labeled metabolites, and heat maps
were generated. Permutation test and S-plot scatter plot were
used to analyze significance of metabolite differences.

Metabolic pathway analysis and calibration: functional
analysis was performed based on the differential metabolites.
Related metabolic pathways were identified through enrich-
ment analysis and topological structure. The five-level IVD
groups were compared to draw statistical charts.

2.11. Bioinformatics Analysis. The microarray dataset of IDD
was retrieved from the NCBI GEO database. Metabolic path-
ways of differentially expressed proteins were analyzed.
Machine learning algorithms were used to further screen
and determine the metabolic pathways of IDD. The ssGSEA
tool was used to analyze the different subgroups of RNA-seq
data. The proportion of each metabolic pathway was deter-
mined, and the correlation between metabolic pathways
and specific genes was analyzed.

The ssGSEA tool was used to analyze RNA-seq data of
different subgroups of patients to infer the relative propor-
tions of 43 metabolic pathways. The “pheatmap” package
was used to generate a heat map of metabolic pathways
and compare distribution of metabolic pathways between
the two groups. The “vioplot” package was used to deter-
mine the relative content of metabolic pathways, and
the “corrplot” package was used to determine correlation
coefficients between metabolic pathways and specific
genes. P < 0:05 was considered as statistically significant.

2.12. NMR In Vitro1H Spectrum Sample Collection and Data
Processing. NP tissue was lysed with RIPA and then ground.
Tissue sample was resuspended in dichloromethane and
methanol and then homogenized. Original data was
obtained by computational analysis. Preprocessed data was
based on the iconic lactate peak. The spectrum was aligned,
and the full spectrum was labeled and integrated to obtain

the full spectrum peak data and peak shape distribution.
After identification of the coupling situation of each peak,
substance integration quantitative analysis was performed
to obtain a compound prediction list.

2.13. Analysis of TOCSY Two-Dimensional NMR Spectra In
Vitro. The “two-dimensional correlation spectrum” experi-
ment was used to label the IVD qualitative IVD marker
compounds. The original data was processed by Mestrenova
14.0.0 through spectral baseline correction, f 1, f 2 phase cor-
rection, Fourier transform, window function, and zero func-
tion adjustment and signal suppression. After processing,
the lactic acid (Lac) peak (f 1 = 1:35 ppm, f 2 = 4:16 ppm)
was calibrated and a total correlation spectroscopy (TOCSY)
spectrum generated. The newly identified compounds repre-
sented by each peak were then identified and assigned.

2.14. Statistical Analysis. Data obtained were analyzed based
on their respective schemes and methods for intragroup dif-
ference statistics and between-group difference statistics.
Quantitative data were represented as X ± S and parametric
testing was done using a t-test. Nonparametric was repre-
sented as median and interquartile plotting rank sum test
was used for nonparametric data. Multigroup analysis of
quantitative data was performed using one-way analysis of
variance followed by Kruskal-Wallis test. Correlation analy-
sis was performed to compare expression in the different
groups. P < 0:05 was considered as statistically significant.

3. Results

3.1. Establishment of the Rat IDD Model. Crawling posture
of rats and the locking structure of the spinal joints hindered
formation of the natural degeneration of the IVD. Disc
puncture was performed to simulate natural degeneration.
The principle was to destroy distribution of NP cells and
the normal structure of the IVD. Three weeks after the punc-
ture, MRI T2WI imaging showed that the model met the
preset imaging conditions. In addition, CT showed signifi-
cant differences in the height of the intervertebral space
between models of different levels (Figure 1(a)).

Histopathological analysis showed significant differences
in the macroscopic structure of the NP and AF and the
relative microscopic morphology, coloring, and distribution
of NP cells in the three-level IVDs in terms (Figure 1(b)).
Furthermore, differences inmorphology anddistributionof col-
lagen fibers and cartilage tissue were observed in the three-level
IVDs (Figures 1(c) and 1(d)). Cell morphology and adherent
growth state were different in the three-level IVDs. Proliferation
activity was quantified by CCK-8 (Figure 1(e)).

Matrix metalloproteinase-1 (MMP-1) stained deeper
in the NP-like cell with IDD (Figure 1(f)), and its expres-
sion was increased (F = 884:1, P < 0:05). Tissue inhibitor
of metalloproteinase 1 (TIMP1) was light brown in the
NP tissue (Figure 1(f)). TIMP1 expression increased with
the level of IVDs; however, a decrease in the ratio of
TIMP1 expression to MMP1 expression was observed
(F = 264:1, P < 0:05).
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Figure 1: (a) MRI T2WI imaging and CT scan imaging 3 weeks after inducing the puncture. (b) HE staining image of sagittal section. (c)
Masson staining image of sagittal section. (d) Safranin O-fast green staining of sagittal section. (e) Light microscope image ① and cell
growth line chart ② showing the morphological characteristics. (f) Immunohistochemistry of MMP1 ① and TIMP1 ②. (g) Western blot
strip ① and grayscale images ② of TIMP1, MMP1, Aggrecan, and Collagen II.
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WB results showed a decrease in the expression of struc-
tural characteristic proteins Aggrecan and Collagen II,
whereas the expression of TIMP1 and MMP1 proteins
related to ECM metabolism was higher (Figure 1(g)). Nota-
bly, the expression of MMP1 was higher compared with that
of TIMP1.

3.2. Metabolomics of the Rat IDD Model. UHPLC-Q-HFX-
HRMS was used to perform mass spectrometry metabolic
analysis on rat IVD samples of different levels (Figure 2(a)).
The superimposed spectra of the three groups of samples
formed an overall picture of metabolites (Figure 2(b)). The
total number of peaks in the cation mode of HRMS was
4505. Notably, 313 effective metabolites were identified. The

total number of peaks in the anion mode was 4430, resulting
in identification of 226 metabolites (Figures 2(d) and 2(e)).

PCA was used to perform dimensionality reduction pro-
cessing of data features. Analysis showed that the distribu-
tion ranges of groups B and C in PCA anion and cation
mode were mostly overlapping, whereas the areas of group
B and C were separated from the area of group A
(Figure 2(c)). This finding implies that group A had unique
independence, whereas groups B and C showed homogene-
ity in the metabolic data characteristics. OPLS-DA model
operation was used to further distinguish the differences
between groups to determine the sample attribution thus
determining the relationship between disc grading and
metabolite expression. OPLS-DA model under the anion
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Figure 2: (a) Flowchart of metabolomics. (b) Total ion current (TIC) diagram. (c) Principal component analysis (PCA). QC: quality control
group. (d) OPLS-DA diagram of each group in cation mode: (A) A/B group comparison, (B) A/C group comparison, and (C) B/C group
comparison. (e) OPLS-DA diagram of each group in anion mode: (A) A/B group comparison, (B) A/C group comparison, (C) B/C
group comparison.
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and cation mode showed differences in the three groups.
However, significance of the differences needs further explo-
ration. Permutation test was performed on OPLS-DA pair-
wise comparison model, and covariance and correlation
coefficient of each variable were used to generate an S-plot.
Analysis showed no significant difference between groups
B and C.

3.3. Metabolic Pathway and Metabolite Analysis. Pathway
enrichment analysis was performed using R software. A
topological map of the metabolic pathway enrichment
network of each comparison group was generated
(Figure 3(a)). Metabolic pathways with significant differ-
ences were identified (Table 1). Main metabolic pathways
before and after degeneration included ① glutathione

metabolism, ② glycine, serine, threonine metabolism, ③
inositol phosphate metabolism, ④ purine metabolism, ⑤
amino sugar and nucleotide sugar metabolism, ⑥ glycoly-
sis/gluconeogenesis, ⑦ cysteine, methionine metabolism,
⑧ pentose phosphate pathway, and⑨ alanine, aspartic acid,
glutamate metabolism. Enrichment analysis of the above
metabolic pathways based on the degree of activity
(Figure 3(b)) was similar to the enrichment of differential
metabolic pathways, implying that the consistency of path-
way enrichment models was good. To explore the core
degree of each metabolic pathway, a Venn diagram of the
metabolic pathways in the early and late stages of IDD was
constructed (Figure 3(c)). Analysis showed overlapping of
more metabolites between group AB and group AC whereas
group BC showed fewer overlapping. Group AB and group

BC
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Figure 3: (a) Enrichment analysis of metabolic pathways in three groups of samples: (A) A&B group, (B) A&C group, and (C) B&C group.
(b) Enrichment analysis of active metabolic pathways of three groups of samples: (A) A&B group, (B) A&C group, and (C) B&C group. (c)
Venn diagram showing differences in metabolic pathways of the three groups of samples. (d) Metabolite volcano map of the three groups of
samples, A&B group, A&C group.

14 Oxidative Medicine and Cellular Longevity



AC were used to construct a volcano plot based on the
degree of contribution (VIP) and metabolite analysis
reliability (P value) (Figure 3(d)). The fold change was set
at >2 times, P value < 0.05 to filter out differences in expressed
metabolites. A total of 15 different metabolites were identified
between group A and group B, which are implicated in 6 main
metabolic pathways. A total of 19 different metabolites were
identified between group A and group C, which are implicated
in 6 main metabolic pathways.

3.4. Biological Information Database Comparison. A total of
43 metabolic pathway subgroups in the 48 human samples
of the GSE70362 dataset were retrieved from the NCBI
GEO bioinformation database. The expression of the 43
metabolic pathways was analyzed and summarized
(Figure 4(a)). Functional enrichment analysis was used to
compare the 43 differentially expressed metabolic pathways.
A heat map was generated to show the expression of 43 met-
abolic pathways (Figure 4(b)). Analysis showed that the
expressions of human and rat IVD material metabolism
pathways were similar, and the metabolism mode was simi-
lar. The “corrplot” package was used to analyze the correla-
tion coefficients of metabolic pathways and specific genes.
Metabolites in each pathway were analyzed, and the core
factors with significant differences were identified as the

significant factors of the pathway (Figure 4(c)). Gene Ontol-
ogy (GO) function enrichment analysis was performed to
explore the functions of metabolites in terms of the three
biological characteristics of biological pathways: biological
process (BP), cellular component (CC), and molecular func-
tion (MF) positioning and cellular processes. Analysis
showed significant changes in the ratio of biological process
including collagen catabolism, ECM synthesis, ECM decom-
position, and collagen metabolism (Figure 4(d)). Analysis of
the contribution degree of each path showed that the decom-
position of collagen and ECM was the main source of the
difference in IDD. This finding implies that cell function of
ECM collagen and matrix membrane was mainly affected.

3.5. Mass Spectrometry Analysis of Human Samples. IVD of
patients was analyzed by mass spectrometry metabolomics
(Figure 5(a)). IVD was divided into five grades based on
Pfirrmann classification. Information of isolated tissues that
were screened and submitted is shown presented in Table 2.
The TIC of substances obtained from analysis of the IVD
samples of each level is shown in Figure 5(b). PCA showed
that the samples of groups A and B were relatively close,
and those of group C and group D were relatively similar
(Figure 5(c)). Analysis using OPLS-DA model, permutation
test, and S-plot load diagram showed that the five levels of
human IVD can be divided into three metabolic stages.

Metabolic pathway enrichment analysis showed signifi-
cant differences in metabolic pathways in the A-E group
(Figure 5(d)). Notably, 11 types of amino acid metabolism
pathways accounted for 36.7%, and 6 types of sugar metab-
olism pathways accounted for 20% of the total pathways.
These findings show that amino acid and sugar metabolism
were dominant. Furthermore, the most important common
differential metabolic pathways between groups A and B
and groups C and D included ① amino acid metabolism
pathways: metabolism of glycine, serine, and threonine,
metabolism of cysteine and methionine, acid biosynthesis,
metabolism of arginine and proline; ② carbohydrate metab-
olism pathway: glycolysis/gluconeogenesis, galactose metab-
olism; and ③ small molecule, lipid metabolism pathway:
taurine and hypotaurine metabolism, pyruvate metabolism,
and inositol phosphate metabolism (Figure 5(e)). Further,
the most important common differential metabolic path-
ways between groups C, D, and E included ① amino acid
metabolism pathway: arginine and proline metabolism, gly-
cine, serine, and threonine metabolism;② sugar metabolism
pathway: fructose and mannose metabolism; ③ small mole-
cule and lipid metabolism pathway: inositol phosphate
metabolism; and ④ nucleotide metabolism pathway: pyrim-
idine metabolism, purine metabolism, amino sugar, and
nucleotide sugar metabolism.

Analysis of degeneration-related factors of these key path-
ways showed thatmetabolism of glycine-serine and threonine
(MMP13, MATN3, TIMP2, and TIMP3) after the degenera-
tion decreased expression of relatedmolecules compared with
the levels before degeneration (Figure 5(f)). In addition,
metabolism in the late degeneration axis expression was sig-
nificantly low. Analysis of galactose metabolism (ADAMTS1,
TIMP1,MMP7, andMMP9) showed thatADAMTS1 reached

Table 1: Differential metabolic pathway table of the three groups of
samples.

Comparison
group

Metabolic pathway

A group vs.
B group

(1) Glutathione metabolism
(2) Inositol phosphate metabolism
(3) Glycine, serine, and threonine metabolism
(4) Purine metabolism
(5) Glycolysis/gluconeogenesis
(6) Amino acid and nucleotide sugar
metabolism
(7) Phosphatidylinositol signaling system
(8) Cysteine and methionine metabolism
(9) Interconversion of pentose and glucuronic
acid

A group vs.
C group

(1) Glutathione metabolism
(2) Cysteine and methionine metabolism
(3) D-Glutamine and D-glutamate metabolism
(4) Purine metabolism
(5) Inositol phosphate metabolism
(6) Glycine, serine, and threonine metabolism
(7) Aminoacyl tRNA biosynthesis
(8) Amino acid and nucleotide sugar
metabolism
(9) Alanine, aspartic acid, and glutamate
metabolism

B group vs.
C group

(1) D-Glutamine and D-glutamate metabolism
(2) Alanine, aspartic acid, and glutamate
metabolism
(3) Arginine biosynthesis
(4) Arginine and proline metabolism
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Figure 4: Continued.
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pathways differentially expressed in human IDD. (c) Heat map of the correlation between core genes and metabolic pathways, red color
shows positive correlation and blue color shows negative correlation; ∗P < 0:05 and ∗∗P < 0:01. (d) GO enrichment analysis bar scale
chart, GO enrichment analysis load bubble chart.

17Oxidative Medicine and Cellular Longevity



Grade I intervertebral disc

Specimen
pretreatment

Grade II intervertebral disc

Liquid
method UHPLC-Q-HFX HRMS/MS

MS.raw data Processed .raw data

OX standard product analysisPCA analysis

OPLS-DA analysis

Permutation
test

Analysis of
differential

metabolic pathways
and screening of

metabolites

Database verification

Pathway
enrichment

analysis

Metabolic
marker

determination

Solid state
method

Grade III intervertebral disc Grade IV intervertebral disc Grade V intervertebral disc

(a)

Figure 5: Continued.

18 Oxidative Medicine and Cellular Longevity



0

0.49
0.53

0.94

0.64

0.58

1.11 1.652.22 2.72 3.59
3.784.71 4.784.89

5.90

6.31

5.98

6.03

6.13

8.36 NL:
1.41E10
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS1_1

NL:
1.34E10
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS3_1

NL:
1.43E10
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS5_1

NL:
6.92E9
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS5_1

6.98

6.46
7.127.74 8.48

8.718.91

0 1 2 3 4

(a)

(a) (b)

(c) (d) (e)

(b)

(d) (e)(c)

5
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60

Re
la

tiv
e a

bu
nd

an
ce

Re
la

tiv
e a

bu
nd

an
ce

Re
lat

iv
e a

bu
nd

an
ce

Re
la

tiv
e a

bu
nd

an
ce

65
70
75
80
85
90
95

100
RT: 0.00-10.00

0

0

0.57
0.69

0.94
0.52

0.01 1.551.702.152.692.973.704.985.365.41

6.13

6.29

6.35

6.37
6.61

6.79

6.99

7.11
7.30
7.52

7.81
7.45

8.72 8.87

0.01 1.061.22 1.692.212.643.093.67 5.01 5.225.71

6.03
6.08

6.37
6.61

6.77

6.99

7.04
7.247.35

7.71
7.80 8.05

8.54
8.76 9.25

6.15

5.345.285.044.762.972.592.021.591.050.94

0.69

9.42
8.778.68

8.107.81
7.73

7.24
7.126.13

6.04
5.325.094.893.052.552.071.57

0.90

0.52

0.74

1.11

6.29

6.35

6.38

6.60

6.78

6.97

0.62

0.52

6.28

6.12

6.30
6.32

6.37
6.51

6.78

6.99

7.06
7.13
7.36
7.51 8.45

8.56
8.79

9.21

0.52

0.94
0.61

0.58

NL:
6.62E9
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS1_1

NL:
6.36E9
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS2_1

NL:
6.89E9
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS4_1

NL:
6.61E9
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS3_1

0 1 2 3 4 5
Time (min)

6 7 8 9 10 0 1 2 3 4 5
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60

Re
la

tiv
e a

bu
nd

an
ce

Re
la

tiv
e a

bu
nd

an
ce

Re
la

tiv
e a

bu
nd

an
ce

65
70
75
80
85
90
95

100

0
5

10
15
20
25
30
35
40
45
50
55
60

Re
la

tiv
e a

bu
nd

an
ce

65
70
75
80
85
90
95

100

RT: 0.00-10.00
RT:0.00-10.00

0 1 2 3 4 5
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
RT: 0.00-10.00

0

0 1 2 3 4 5
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
RT: 0.00-10.00

0

0.51

0.46

0.93
0.64

2.092.653.133.45
3.784.70 4.784.89

5.89

6.31

6.07

6.126.15

8.37

6.97

6.45
7.12 8.18 8.49

8.68 8.90

0 1 2 3 4 5
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
RT: 0.00 - 10.00

RT:000-10.00

0

6.30

5.99

0.49

0.54

0.94

1.65

2.22 3.253.443.79 4.78
4.89

5.27
5.90

0.58

6.03

6.166.13

8.36 NL:
1.37E10
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS2_1

NL:
1.38E10
TICF:FTMS
+p ESI Full
ms
(70.0000-
1050.0000)
MS4_1

6.98

6.46
7.127.74

8.15 8.49
8.67

9.21

0 1 2 3 4 5
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60

Re
la

tiv
e a

bu
nd

an
ce

Re
la

tiv
e a

bu
nd

an
ce

65
70
75
80
85
90
95

100
RT: 0.00-10.00

0

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

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

RT: 0.00-10.00

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100

0.58

0.52

0.940.64

3.83

2.802.06 3.273.73
3.79

4.584.784.90

5.89

6.31

5.98
6.12

6.15

8.36

6.98

6.45
6.38

7.12 8.14 8.488.67
9.17

0.47

0.69

0.51

0.01 1.23 1.26 1.722.19 2.72 3.14 4.91 5.39 5.42

6.13

6.31

6.33

6.60

6.78

6.98

7.03

7.16 7.35

7.84 8.04

8.62 8.77
9.27

6.37

0.51 1.08 2.79 3.32 3.68
3.79

4.72
4.78

4.90

5.90

6.32

5.99

6.15

6.13
8.37

6.40 6.98

6.45 7.12 8.18 8.50
8.72 8.96

0 1 2 3 4 5
Time (min) Time (min)

0 1 2 3 4 5 6 7 8 9 10
Time (min)

6 7 8 9 10

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
RT: 0.00-10.00

(b)

Figure 5: Continued.

19Oxidative Medicine and Cellular Longevity



A1_2
A1_1

A1_3
A1_4

A1_1 A1_3
A1_4

B2_4 B2_1

B2_3B2_2
A1_2

D4_2
D4_4

D4_3

D4_1

D4_1

D4_2
D4_3

D4_4

C3_3
QC3

QC4
QC2 QC3

QC2
QC4 QC1QC1

C3_4

C3_2

C3_4
C3_3

C3_1

C3_1

C3_2

E5_3

E5_2

E5_1 E5_1 E5_2

E5_3

E5_4E5_4

B2_1

B2_3B2_2B2_4

POS_S.M1 (PCA-X)
Colored according to classes in M1

−50

−40

−30

−20

−10

0

10

20

30

40

−100 −80 −60 −40 −20 0 20 40 60 80

R2 × [2] = 0.142X[1] = 0.504 Ellipse: Hotelling’s T2 (95%)
t (1)

t [
2]

A

B

D

E

C QC

NEG_S.M1 (PCA-X)
Colored according to classes in M1

−40

−30

−20

−10

0t [
2]

10

20

30

−100 −80 −60 −40 −20 0 20 40 60 80

R2 × [2] = 0.104X[1] = 0.589 Ellipse: Hotelling’s T2 (95%)
t (1)

(c)

2

0.0 0.2 0.4
Pathway impact

A-C

0.6 0.8 1.0

0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0 0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0 0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0 0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0

0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0 0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0 0.0 0.2 0.4
Pathway impact

0.6 0.8 1.0

3

4

5

−
lo

g1
0 

(p
) 6

7

8

2

3

4

5

−
lo

g1
0 

(p
) 6

7

8

2
15

20

25

30

35

3

4

5

−
lo

g1
0 

(p
)

−
lo

g1
0 

(p
)

15

20

25

30

35

40

45

−
lo

g1
0 

(p
)

6

7

8

3

4

5−
lo

g1
0 

(p
) 6

7

8

3

4

5
−

lo
g1

0 
(p

)

6

7

3

2

4

5

−
lo

g1
0 

(p
)

6

7
8

A-D A-E B-C

B-D B-E C-E D-E

(d)

30
27

7 6
4 4

1 1

25

20

15

10

5

0AC
AD
AE
BC
BD
BE
CE
DE

50 40 30 20 10 0

(e)

Figure 5: Continued.

20 Oxidative Medicine and Cellular Longevity



Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

⁎
⁎⁎ ⁎⁎⁎ ns40

TIMP1/𝛽-Actin ADAMTS1/𝛽-Actin

30

20

10

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

⁎ ⁎⁎

⁎⁎⁎

ns

40

30

20

10

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

⁎ ⁎⁎
⁎⁎⁎ ⁎⁎⁎⁎

25
MMP7/𝛽-Actin MMP9/𝛽-Actin

20

15

10

5

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

⁎ ⁎⁎ nsns25

20

15

10

5

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

⁎

⁎⁎

⁎⁎⁎

ns

ns ns
ns

60

TIMP3/𝛽-Actin

40

20

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

⁎
⁎⁎

⁎⁎⁎

50

MANT3/𝛽-Actin

40

20

10

30

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

⁎
⁎⁎

⁎⁎⁎

ns30

TIMP2/𝛽-Actin

20

10

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

⁎
⁎⁎

⁎⁎⁎
⁎⁎⁎⁎

⁎⁎⁎⁎

⁎50

MANT3/𝛽-Actin

40

20

10

30

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

ns15

TIMP13/𝛽-Actin

10

5

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

Pfi
rr

m
an

n 
I

Pfi
rr

m
an

n 
II

Pfi
rr

m
an

n 
II

I

Pfi
rr

m
an

n 
IV

Pfi
rr

m
an

n 
V

Pfirmann I

Pfirmann II

Pfirmann III

Pfirmann IV

Pfirmann V

 I

II

III

 IV

V

⁎⁎

⁎

#

##

50 ns

40

30

20

10

Aggrecan Collagen II 𝛽-Actin

Re
lat

iv
e p

ro
te

in
 le

ve
l

0

−41 kDa

−21.5 kDa

−34 kDa

−92 kDa

−42 kDa

TIMP1

ADAMTS1

MMP7

MMP9

𝛽-Actin

Pfi
rm

an
n 

I

Pfi
rm

an
n 

II

Pfi
rm

an
n 

II
I

Pfi
rm

an
n 

IV

Pfi
rm

an
n 

V

Pfi
rm

an
n 

I

TIMP3 −47.5 kDa

−48 kDa

−54 kDa

−53 kDa

−21 kDa

−42 kDa

TIMP2

MMP13

MANT3

P-IL11

𝛽-Actin

Pfi
rm

an
n 

II

Pfi
rm

an
n 

II
I

Pfi
rm

an
n 

IV

Pfi
rm

an
n 

V

−250 kDa

−117 kDa

−42 kDa

Aggrecan

Collagen II

𝛽-Actin

Pfi
rm

an
n 

I

Pfi
rm

an
n 

II

Pfi
rm

an
n 

II
I

Pfi
rm

an
n 

IV

Pfi
rm

an
n 

V

(f)

Figure 5: (a) Mass spectrometry (UHPLC-Q-HFX HRMS) metabolomics flowchart. (b) Total ion current (TIC) diagram of human IVD. (c)
Principal component analysis (PCA). (d) Differential metabolic pathway enrichment among groups. (e) Upset diagram of metabolic
pathways of different substances in each group. (f) Western blot strip and grayscale map of degeneration factors related to key pathways
① glycine-serine-threonine, ② galactose, and ③ structural protein.
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its peak in grade II IVDs.Moreover, change in expression level
of TIMP1, MMP7, andMMP9 was consistent with decompo-
sition of ECMof IVDs. Expression levels of structural proteins
(Collagen II and Aggrecan) decreased progressively through-
out the degeneration process.

3.6. NMR Analysis of Human Samples. Distribution of com-
pounds represented by each peak was identified through the
attribution based on synchronous mass spectrometry identi-
fication. Representative peaks of the 1H spectrum of each
level of IVD were identified based on the attribution and
data from the standard compound NMR spectrum database.
The V-level disc was used as a representative sample
(Figure 6(a)). Designated peaks of the 1H spectrum of each
graded IVD were manually integrated to determine the
levels of metabolites for each peak. This was performed to
determine the concentration of the substance in the unit
magnetic field volume in the solution, and integral value of
each substance was recorded and trend chart generated
(Figure 6(b)). Notably, substances were not included in the
statistics. Arrangement of the peaks of each spectrum is
presented in Figure 6(c). One-dimensional 1H spectroscopy
produces a large amount of H signal overlap in the NMR
system. Although it is used to accurately identify the types of
amino acid residues, it is challenging to identify the spatial
conformation of biopolymers such as proteins and proteogly-
cans. The “two-dimensional correlation spectrum” experi-
ment was used to further determine types of polymer
compounds by comparing with the clinical MRS (Figure 6(d)).

3.7. Verification of Human Imaging. Analysis of DTI imag-
ing axial map of each level of the IVD showed that Pfirr-
mann I-V level represents gradual decrease of the high
signal of water molecule activity (Figure 7(a)). ADC value
and FA value of the IVD NP area were determined in the
five levels (Figure 7(b)). Analysis showed that the ADC value
of grade I-IV IVDs gradually decreased with degeneration of
the disc (F = 161:0, P < 0:01). Notably, grade V IVDs were
not detectable in DTI imaging. In grade V, ADC and FA
values were not obtained, implying that the measured
value range exceeded the high limit or cannot be imaged.
This finding shows that the ADC value of degenerative
IVDs gradually decreased, whereas the FA value increased
with degeneration. Notably, analysis showed significant
differences in ADC and FA values between groups
(F = 3810:0, P < 0:01).

Pfirrmann grade IV disc spectrum peak identification
was similar, from low field to high field (Figure 7(c)). The
values are as follows: lactic acid (Lac) 1.33 ppm, alanine
and propionate compounds (Ala) 1.36-1.64 ppm, N-acetyl
resonance compound or collagen compound (N-Acetyl/PG)
2.02 ppm, glutamate and glutamine compound (Glu/Gln)

2.35ppm-2.45ppm, total choline compound (Cho) 3.02ppm-
3.20ppm, muscle acid (Cr) 3.5ppm, carbohydrates, and
hydrocarbons and lipids (Carb) 3.6ppm-4.7ppm. The overall
trend of levels of metabolites decreased with increase in
degeneration intensity. Levels of metabolites in the grade V
IVD were significantly low compared with other groups.
N-Acetyl, Cho, Lac, Cr, Carb, N-Acetyl/Carb, N-Acetyl/Cr,
Carb/Cr, N-Acetyl/Cho, and Carb/Cho were set based on
peak imaging characteristics (Figure 7(d)). Absolute quantifi-
cation of each value does not necessarily have a good trend
under the conditions of NMR spectroscopy; therefore, the
ratio of the integral value of each single peak was used to
determine quantity of the spectrum material (Figure 7(e)).

4. Discussion

Degeneration is a multistage physiological process with
complex factors. IVDs at different degeneration stages are
characterized by differences in morphology, pathology, and
cell biology [17]. Clinically, IDD is divided into pre-, early,
and late-stage degeneration [18]. The gold standard of IDD
in the imaging field is Pfirrmann classification [17]. Micro-
scopic analysis shows that many proteins and related degen-
erative factors are implicated in the degeneration process
[19–22]. Interaction of these components further deterio-
rates degeneration. The three levels of degeneration process
are relatively independent from each other. Advances in
metabolomics provide a means to establish a systematic
degeneration mode. In this study, rats and degenerative disc
disease patients with high gene homology were used for
metabonomics analysis. The overall picture of IDD was
determined through imaging, histopathological analysis,
and molecular biology methods.

Currently, MRI is the main method for noninvasive
diagnosis of IDD [23]. Its principle is to collect proton relax-
ation signals in the body and construct a digital matrix to
describe the spatial distribution characteristics of sample
nuclei. MRI is used to visually observe morphological
changes of the tissue structure [24]; however, due to the
inevitable loss of the original characteristics of the informa-
tion during the signal conversion process, it is challenging to
generate the accurate profile within the tissue. Therefore,
imaging is only useful for “appearance” stage. Advances in
metabolomics allow immediate internal display of the orga-
nization of tissues [25]; however, its process is tedious and
costly [26]; therefore, it is not widely used. This study used
NMR metabolomics combined with mass spectrometry
metabolomics to explore the metabolic profile of IVD and
further performed quantitative and qualitative analysis of
spectrograms to establish an in vivo metabolism model of
noninvasive detection of degeneration.

Table 2: General information of human IVD research subjects.

Pfirrmann I Pfirrmann II Pfirrmann III Pfirrmann IV Pfirrmann V

GE 3.0 T 28 32 64 121 137

SIEMENS 3.0 T 14 22 52 65 72
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Analysis showed that the main metabolic processes were
carbohydrate and protein metabolism, mainly involving
matrix components such as collagen and proteoglycans.
Therefore, this study focuses on amino acid metabolism
and sugar metabolism. Analysis of TIC, OPLS-DA, and the
corresponding permutation test and S-PLOT load diagram
showed that group A without intervention in the overall
metabolic pattern of rat IVDs was significantly different
from other groups. On the contrary, groups B and C showed
similar trends in expression of metabolites. Therefore, the
two stages before and after degeneration were explored.

The main different metabolic pathways before and after
degeneration were mainly related to three types of biological
activities including ① carbohydrate utilization (amino sugar
and nucleotide sugar metabolism, pentose phosphate path-
way, alanine metabolism, and glycolysis/gluconeogenesis
pathway),② antioxidant pathways (glutathione metabolism,
cysteine, and methionine metabolism), and ③ structural
protein synthesis and degradation (Gly-Ser-Thr metabo-
lism) [27, 28]. Notably, most of the pathways revolved
around the Gly-Ser-Thr metabolism axis [29, 30]. The Venn
diagram of differential metabolic pathways showed that the
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Figure 6: (a) Pfirrmann V grade disc NMR 1H spectrum assignment. (b) Quantitative analysis chart of NMR 1H spectrum of Pfirrmann I~V
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metabolism of Gly-Ser-Thr was different in intersection of
AB and intersection of AC. This was attributed by the signif-
icant changes in the functional status of the Gly-Ser-Thr axis
before and after degeneration [31].

Analysis of the difference in metabolites showed that
marker metabolites in the predegeneration stage were
mainly implicated in carbohydrate metabolism pathways
including pentose phosphate pathway, glycolysis/xenogen-
esis, and amino sugar and nucleotide sugar metabolism
and protein metabolism pathways including serine and thre-

onine metabolism, cysteine and methionine metabolism,
and small molecule metabolism mainly inositol phosphate
metabolism. In addition, marker metabolites in the late stage
of degeneration were mainly involved in sugar metabolism
pathways such as amino sugar and nucleotide sugar metab-
olism, proteoglycan structural metabolism, and tricarboxylic
acid (TCA) cycle; protein metabolism pathways such as
cysteine and methionine metabolism and serine and threo-
nine metabolism; and small molecule metabolism including
niacin and nicotinamide metabolism and PGI2 metabolism.
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Figure 7: (a) DWI, ADC, and FA axis diagram of each grade of IVD. (b) Analysis of ADC value and FA value of Pfirrmann I-V IVD DTI
imaging. (c) Identification and qualitative induction of MRS measurement peaks of Pfirrmann I-V IVDs in vivo. (d) Quantitative value
statistics of five single peaks of MRS in each level of IVD. (e) Trend change graph of the integral value ratio of ① lactate, ② choline
compound, and ③ N-acetyl resonance compound.
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Consistent with the findings on metabolic pathways, the
main biological processes involved in rat IDD were energy
metabolism [32], biological oxidation [33], and structural
protein synthesis and decomposition [34]. Gly-Ser-Thr
metabolic pathways are involved in biotransformation and
metabolic activities during degeneration [35].

Cysteine plays a role regulating glutathione synthesis.
Glutathione is an important antioxidant and oxygen free
radical scavenger in the body. Methionine is involved in
destruction of membrane lipids produced by oxidative free
radicals through multiple channels of oxidation thus
protecting membrane-containing structures such as cells
and mitochondria [36]. Downregulation of cysteine and
methionine metabolism during degeneration process leads
to decline of the antioxidant function in the internal environ-
ment of the IVD [37]. Peroxidation of tissue membranes pro-
motes degeneration of the IVD. Amino sugars and nucleotide
sugars play important role in the process of carbohydrate
conversion and energy utilization [38]. Notably, amino
sugars and nucleotide sugars were downregulated during
the degeneration process. Pentose phosphate pathway and
glycolysis are involved in supply of energy and reducing
equivalents important for antioxidant activity. These changes
during degeneration indicate a transition from multimode
coexistence of energy utilization in the IVD to a single mode
of proteoglycan structural metabolism, implying that mate-
rial disintegration of the NP tissue occurred in the later stage
of degeneration. Furthermore, decline of the overall function
of the energy utilization system may be the initiating factor
leading to accumulation of Lac in the late stage of IDD.
TCA cycle is the final metabolic pathway and metabolic
hub of the three major nutrients [39]. Downregulation of
TCA cycle in the later stage of degeneration implies that
the metabolites of the IVD are depleted, which is attributed
to apoptosis of NP cells and the decline in their secretory
function. Further, the Gly-Ser-Thr metabolic axis was down-
regulated in the early and late stages of degeneration [35],
implying that the functional state of the metabolic axis is
negatively correlated with the degree of degeneration. It is
speculated that antioxidants are produced through the Gly-
Ser-Thr metabolic axis. The Gly-Ser-Thr metabolic axis
may play a role in delaying degeneration of the IVD through
regulation of carbohydrate conversion and energy utilization
and ultimately through formation of antioxidant agents.

Although the rat genome is highly homologous to
human genome and the metabolic pathways are similar, it
cannot be inferred that the metabolic profiles of the two
organisms are the same. Therefore, human metabolic path-
way subgroups were retrieved from the NCBI GEO database
and used for induction. A heat map on the correlation
between core genes and metabolic pathways showed that
main changes are changes in the metalloproteinase families
[40, 41] and their tissue-specific inhibitory enzyme family-
related factors. Moreover, Gene Ontology functional enrich-
ment analysis showed that decomposition of collagen and
ECM is the main source of disc degeneration differences
[19, 42, 43]. Further analysis on key pathway degeneration-
related factors showed that expression of metabolites
involved in the Gly-Ser-Thr metabolic pathways [35]

(MMP13, MATN3, TIMP2, and TIMP3, IL-11) decreased
after degeneration compared with before degeneration (I,
level II⟶ level III). Notably, expression of metabolites
involved in this metabolic axis was extremely low in the late
stages of degeneration (levels IV, V). These findings show
that the metabolic axis is consistent with the degeneration
process, and its function declines with increase in degenera-
tion progresses. IL-11 is an important factor of fibrosis [44],
and high expression level causes fibrosis of NP tissue [45].
Metabolites involved in galactose metabolism included
ADAMTS1, TIMP1, MMP7, and MMP9. ADAMTS1 partic-
ipates in biological processes by hydrolyzing proteoglycans
[46] and inhibiting angiogenesis [47]. It reaches its peak at
level II discs and initiates proteoglycan production. The
process of resolution and decline in expression in the later
stage may be related to the vascular growth in the IVD in
the late stage of degeneration. In addition, changes in levels
of TIMP1, MMP7, and MMP9 [48] were consistent with
increased decomposition of the ECM of the IVD, resulting
in progressive decline of structural proteins (Collagen II
and Aggrecan) throughout the degeneration process. Molec-
ular biology analysis shows the stable relationship between
macrobiological processes and metabolomics. The relation-
ship between macrobiological processes and metabolomics
provides an avenue to verify the phased expression trend
of metabolic pathways.

NMR is an effective tool for mass spectrometry metabo-
lomics due to its universality and high throughput for
hydrogen-containing metabolites [49]. Advantages of the
quantification function of NMR allow quantitative analysis
of sample metabolites at various stages [50]. NMR 1H spec-
trum identification and quantitative analysis showed that
consistent with the mass spectrum metabolism findings,
there was no significant change in the types of metabolites.
Notably, Lac levels increased significantly with degeneration.
Decrease in the level of phenylalanine, tyrosine, and other
sugar metabolism regulating substances [51] with the degen-
eration of the IVD implied a decline in energy utilization
efficiency and conversion of sugar utilization mode. Ethanol-
amine, EthNH3, is an intermediate metabolite of phospho-
lipids [52], and its content decreases significantly with
degeneration, implying that methionine has multiple path-
ways to prevent oxidation of membrane lipids by oxidative
free radicals. Furthermore, levels of N-Acetyl decreased
significantly with degeneration, indicating the process of
dissolution of IVD structural substances. The presence of
glycine residues in the final stage of degeneration indicates
that the function of the Gly-Ser-Thr axis is effectively
involved in the process of degeneration. However, 1H spec-
trum has poor specificity in identifying compounds. In
order to separate effective compound components from
the overlapping peaks and peaks with small amplitude,
TOCSY two-dimensional spectrum was used to transfer
the magnetization vector using the direct coupled spin
method [53] thus allowing observation of the same spin.
Analysis of relevant signals between the indirectly connected
nuclei in the system showed that the existing form of sugars
changes from various types of sugars to monosaccharide-
s/polysaccharides. These changes indicate that the types of
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sugars available in the late stage of degeneration are reduced,
and the corresponding metabolites result in reduction of
carbohydrate metabolism pathways. In addition, glutamic
acid/glutamine decreased in the initial stages then increased
in the late stages of degeneration. Decrease in the early stage
of degeneration results in inhibition of glutathione synthesis,
which affects the antioxidant capacity of the Gly-Ser-Thr
metabolism axis. On the other hand, the abnormal increase
in the later period is related with accumulation of Lac.
Increase in lactate is attributed to the decay process of the
energy utilization system. In addition, increase in the types
of amino acids in the other two-dimensional spectrum (such
as alanine) indicated decomposition of the main structural
proteins of the NP.

In vitro NMR 1H spectrum and the TOCSY two-
dimensional spectrum divide the stages of human IDD based
on levels of amino acid residues and macromolecular
compounds, highlighting the specificity of the metabolism
process at different stages. The phase difference of metabo-
lites can be explained by molecular biology regulation mech-
anism. Further studies should explore whether NMR analysis
results are consistent with the corresponding MRS quantita-
tive results and whether the macrobiological process can be
explained by DTI.

Conventional NMR, DTI, and MRS were used to
describe the classification of human IVDs from three levels
including anatomical shape, water molecule pathophysiolog-
ical behavior, and metabolic level adjustment. The process of
degeneration was verified through metabolomics analysis.

T2WI-weighted images of the IVDs showed that the
imaging features of the IVDs of each grade conformed to
the Pfirrmann classification. In addition, imaging confirmed
that there was no objection to the sorting of human IVD
models. This study used functional nuclear magnetism to
observe water metabolism based on morphological changes
of T2WI [54]. Decrease in activity of the high signal of
DTI water molecule resulted in changes in the correspond-
ing ADC value and FA value. The ADC value shows that
as the degeneration intensifies, the movement of water
molecules in the NP is limited and the content decreases,
indicating that large amounts of water-fixing groups are lost.
Threonine, which contains a large amount of hydroxyl
groups, is the key substance for water fixing. The FA value
gradually increased with progression in degeneration, imply-
ing that the irregular structure and nondirectional distribu-
tion tissues that limit dispersion of water molecules
increased. These findings indicate an increase in the fibrosis
process of the NP tissue in the later stage of degeneration.

Qualitative analysis of NMR showed that the metabolites
in the metabolic pool of the IVD were stable and the overall
metabolic profile was consistent. Notably, lactate ratio repre-
sented accumulation of Lac in the unit structure substance,
and its accumulation shows a decrease in energy utilization
efficiency in the late stage of degeneration and that the sugar
utilization pattern in mass spectrometry metabolomics was
changed from the previous glycolysis. In addition, change
in metabolites showed transformation from xenobiotics
and pentose phosphate to fructose and mannose pathways
in the late stages. N-Acetyl resonance compound is an

important identification peak of MRS. N-Acetyl/Carb is
interpreted as the ratio of collagen content to carbohydrate
and hydrocarbons. Carbohydrate content is a marker of
matrix structure and carbohydrate metabolism of proteogly-
cans. The significant decrease in the ratio value indicates
decrease of the collagen content in the structural material,
which is consistent with the findings on the progressive
fibrosis of the NP tissue. On the other hand, N-Acetyl/Cho
represents the proportional relationship between the colla-
gen content and the density of the IVD NP cells. The ratio
of IDD showed significant decrease indicating that the unit
number of cells matching ECM decreased with progress in
degeneration. This implies that the proportion of NP cell
apoptosis and degeneration increases, and its secretory func-
tion decreases. N-Acetyl/Cr represents the proportional
relationship between collagen content and energy buffer
mechanism, because Cr is an important substance for ATP
buffering [55] and it mainly exists as an energy storage form.
In the early stage of degeneration, the ratio is high. The
downward trend and the abnormal increase in the end stage
show the change in energy supply mode at the end of degen-
eration [56]. Furthermore, the peak of choline compound is
used to measure the state of membrane phospholipids,
reflecting the density of the NP cells of the IVD. The ratio
of Pfirrmann I disc to Pfirrmann II disc in Cho/Carb
increased gradually. However, the ratio decreased in Pfirr-
mann III of the IVD with the lowest value observed in Pfirr-
mann V disc. This change reflects increase in the ratio of
degeneration and apoptosis of NP cells during the degener-
ation process. In addition, it indicates the decrease in activity
of phospholipid synthesis and redox reactions of IVD cells.
Therefore, there may be a period of active proliferation of
NP cells before degeneration. In vitro metabolomics were
linked with in vivo imaging mimics through spectrogram
identification and spectral peak analysis. These findings were
then confirmed through histopathological and molecular
biology analysis.

5. Conclusion

In summary, this study described the relatively complete
IDD through correlation analysis of rat and human metabo-
lomics (mass spectrometry metabolomics and NMR meta-
bolomics) combined with imaging, molecular biology, and
histopathology verification. The findings of this study show
tissue metabolism during degeneration. The findings
showed that the process of IDD is closely related to the
functional state of the Gly-Ser-Thr metabolic axis. Changes
in carbohydrate utilization patterns around this metabolic
axis and reduction of the antioxidant capacity of the IVD
environment promote degeneration. The process eventually
leads to disintegration of the annulus fibrosus and loss of
water-fixing groups.
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Low back pain (LBP) is the primary cause of disability globally. There is a close relationship between Modic changes or endplate
defects and LBP. Endplates undergo ossification and become highly porous during intervertebral disc (IVD) degeneration. In our
study, we used a mouse model of vertebral endplate degeneration by lumbar spine instability (LSI) surgery. Safranin O and fast
green staining and μCT scan showed that LSI surgery led to endplate ossification and porosity, but the endplates in the sham
group were cartilaginous and homogenous. Immunofluorescent staining demonstrated the innervation of calcitonin gene-
related peptide- (CGRP-) positive nerve fibers in the porous endplate of LSI mice. Behavior test experiments showed an
increased spinal hypersensitivity in LSI mice. Moreover, we found an increased cyclooxygenase 2 (COX2) expression and an
elevated prostaglandin E2 (PGE2) concentration in the porous endplate of LSI mice. Immunofluorescent staining showed the
colocalization of E-prostanoid 4 (EP4)/transient receptor potential vanilloid 1 (TRPV1) and CGRP in the nerve endings in the
endplate and in the dorsal root ganglion (DRG) neurons, and western blotting analysis demonstrated that EP4 and TRPV1
expression significantly increased in the LSI group. Our patch clamp study further showed that LSI surgery significantly
enhanced the current density of the TRPV1 channel in small-size DRG neurons. A selective EP4 receptor antagonist, L161982,
reduced the spinal hypersensitivity of LSI mice by blocking the PGE2/EP4 pathway. In addition, TRPV1 current and neuronal
excitability in DRG neurons were also significantly decreased by L161982 treatment. In summary, the PGE2/EP4 pathway in
the porous endplate could activate the TRPV1 channel in DRG neurons to cause spinal hypersensitivity in LSI mice. L161982,
a selective EP4 receptor antagonist, could turn down the TRPV1 current and decrease the neuronal excitability of DRG
neurons to reduce spinal pain.

1. Introduction

Low back pain (LBP) is the primary cause for disability glob-
ally [1], with a 1-month prevalence of 23.2% [2]. Since LBP is
generally a persistent symptom, about 2/3 of the patients
with LBP complained about their pain-related symptoms

even after 12 months [3]. This persistent painful condition
is associated with the development of multiple physical and
psychosocial disabilities [4]. In 2017, a total of 577 million
people experienced LBP, and more than 60 million healthy
life years were lost worldwide, which resulted in a huge finan-
cial burden [5]. Unfortunately, we still do not understand the
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natural course of LBP, and there is no effective therapeutic
approach to modify this multicause induced disease.

To search the main cause of LBP, many research groups
have been concentrating on the aneural [6, 7] intervertebral
disc (IVD). Since there is only sporadic nerve ending exist-
ing in the outmost layer of the annulus, IVD as the main
source for LBP remains debatable [8]. However, the end-
plate, which is rich in nerve endings in its ossified structure
[7, 9], has been overlooked. In patients with LBP, researchers
have detected signal changes in the degenerative endplates
by magnetic resonance imaging (MRI) [10, 11]. Moreover,
the close relationship between Modic changes or endplate
defects and LBP has also been verified in some previous
studies [12, 13].

Endplates undergo ossification and become highly
porous during IVD degeneration [14–16], and more nerve
innervation occurs in degenerative endplates than in healthy
endplates [17]. It has been reported that osteoclasts gener-
ated porous endplates with calcitonin gene-related peptide-
(CGRP-) positive nerve ending innervation in the mice with
lumbar spine instability (LSI) surgery [18]. As pain is gener-
ated by nociceptors, porous endplates with sensory nerve
innervation should be the precondition for spinal pain in
LSI mice.

Prostaglandin E2 (PGE2) is a lipid factor generated at
the damaged region in diverse tissues, which could lead to
inflammatory or neuropathic pain [19]. In the peripheral
nerve system, PGE2 evokes primary sensory neurons, dorsal
root ganglion (DRG), through its E-prostanoid (EP) recep-
tors. There are 4 types of G protein-coupled EP receptors
(including EP1, EP2, EP3, and EP4) mediating PGE2’s func-
tion. In the previous studies, the EP4 receptor has been
shown to participate in PGE2-induced inflammatory pain
and sensory neuron excitability [20, 21]. In addition, selec-
tive EP4 receptor antagonists could relieve PGE2-induced
inflammatory pain. For instance, it has been reported that
some kinds of EP4 receptor antagonists could suppress
inflammatory pain caused by carrageenan or by complete
Freund’s adjuvant [22–24].

The PGE2/EP4 pathway could activate a series of pain-
related ion channels, such as transient receptor potential
vanilloid 1 (TRPV1) [25]. TRPV1 is made up of four sub-
units. It is a nonselective, outwardly rectifying cation chan-
nel [26], which is distributed not only in the DRG neurons
but also in the peripheral terminals [27]. Various factors
could activate the TRPV1 channel, such as ligand binding
[28], voltage [29], or temperature [30]. The TRPV1 channel
is considered to be an aggregator of nocuous chemical,
mechanical, or thermal stimuli and is demonstrated to be
one of the most important ion channels participating in
inflammatory or neuropathic pain [31, 32].

In this study, we found an elevated concentration of
PGE2 in the porous endplate of LSI mice. This high-level
PGE2 activated the TRPV1 channel in DRG neurons via
its EP4 receptor in the CGRP+ sensory nerve, which causes
spinal hypersensitivity. In particular, L161982, a selective
EP4 receptor antagonist, turned down the TRPV1 current
and decreased the neuronal excitability of DRG neurons to
reduce spinal pain.

2. Materials and Methods

2.1. Mice and In Vivo Treatment. All animal experiments in
this study were approved by the Local Committee of Animal
Use and Protection of the Third Hospital of Hebei Medical
University (Hebei, China). The C57BL/6J male mice were
obtained from Shanghai SLAC Laboratory Animal Co. Ltd.
(Shanghai, China). We anesthetized the 2-month-old mice
with ketamine (at a dosage of 100mg/kg) and xylazine (at
a dosage of 10mg/kg). For the spinous processes, supraspi-
nous and interspinous ligaments of L3-L5 vertebrae were
resected to create the LSI model that led to vertebral end-
plate degeneration. Correspondingly, the posterior paraver-
tebral muscles of L3-L5 vertebrae were detached in the
sham group. At 8 weeks after operation, LSI mice received
vehicle or L161982 (5mg/kg/d) (Tocris, U.S.) by intraperito-
neal injection for 2 weeks. To overactivate the TRPV1 chan-
nel, LSI mice received capsaicin injection at caudal endplates
of L4–L5. Specifically, 2μL capsaicin (2mg/mL) was injected
into the left part of caudal endplates of L4–L5 using borosil-
icate glass capillaries after drilling a hole at the left part of
the endplate. The drilling holes were sealed with bone wax
immediately after injection to prevent tracer leakage. After
capsaicin injection, the wound was sutured, and a heating
pad was used to protect mice during recovery from anesthe-
sia. Using an overdose of isoflurane, we euthanized the ani-
mals at 4 or 8 weeks after sham or LSI operation or at 2
weeks after L161982 or vehicle treatment.

2.2. μCT. Mice were euthanized by isoflurane and perfused
by 10% buffered formalin. The L3-L5 lumbar spine was col-
lected and examined by μCT (voltage, 55 kVp; current,
181μA; 9.0μm per pixel) (Skyscan, 1176). Images were
reconstructed by using NRecon v1.6 software (Skyscan).
Quantitative analysis of the μCT results was performed by
using CTAn v1.9 software (Skyscan). Six consecutive images
of the L4-L5 caudal endplates and L5 vertebrae (coronal
view) were selected to show the 3-dimensional reconstruc-
tion results by using CTVol v2.0 software (Skyscan).

2.3. Histomorphometry and Immunofluorescence. The lum-
bar spine or DRG samples were dissected from mice and
then were fixed in 10% buffered formalin (4°C, 24 h). The
samples of the lumber spine were decalcified by 0.5M ethy-
lenediamine tetraacetic acid at 4°C for 3 weeks, and the L2
DRGs were dehydrated by 30% sucrose at 4°C for 48 h.
The spine samples were embedded in optimal cutting tem-
perature compound (OCT) or paraffin. The DRG samples
were embedded in OCT. We used the 4μm thick sections
(lumber spine) for safranin O and fast green staining.
40μm thick sections of the spine samples were used for
nerve fiber-related immunostaining. 10μm thick sections
of the spine or DRG sample were used for other immuno-
staining. For immunofluorescent staining, we incubated the
sections (lumber spine or DRG) with primary antibodies to
CGRP (1 : 100, Abcam, U.S.), COX2 (1 : 100, Abcam, U.S.),
EP4 (1 : 100, Abcam, U.S.), and TRPV1 (1 : 200, Abcam,
U.S.) (4°C, overnight). Then, we incubated the sections
(lumber spine or DRG) with secondary antibodies (room
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temperature, 1 h, avoiding light). The fluorescence or confo-
cal microscopes were used to capture the images of spine or
DRG samples. ImageJ software (National Institutes of
Health, U.S.) was used for the quantitative analysis.

2.4. Behavioral Testing. Pressure tolerance was measured by
the vocalization thresholds (as a nociceptive threshold)
using a force gauge (Bioseb). Animals were gently restrained
and received the pressure force by a sensor on their skin over
the L4-L5 spine. A gradual increase in pressure force (50 g/s)
was performed on the mice until the animals made an audi-
ble vocalization. To prevent tissue injury, the maximum
force was limited to 500 g.

Spontaneous activity was measured by several indicators
(including distance traveled, active time, and maximum
speed) using the activity wheels (Bioseb). Animals were kept
in the cages which are similar to their home cages, and the
wheels of the device could be rotated by animals in both
directions. The software of this device could record the
real-time data of the animals’ spontaneous activity.

The pain hypersensitivity in response to mechanical
stimulation was measured by hind paw withdrawal fre-
quency (PWF) using the von Frey test with 0.07 or 0.4 g fil-
ament (Stoelting). Animals were restrained in a transparent
plastic cage, which was put on a metal mesh grid. The mid-
plantar position of the animal’s hind paw was stimulated by
0.07 or 0.4 g filament through the mesh grid. The filaments
should be buckled by enough pressure, and the frequency
of mechanical stimulus was 10 times at a 1 s interval. When
the hind paw was withdrawn after the stimulation by von
Frey filaments, it was recorded.

2.5. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). The total RNA of the L4-L5 caudal endplate
was extracted by using the TRIzol reagent (Tiangen, Beijing,
China). We measured RNA purity by the absorbance of
260/280 nm. With the RevertAid™ First Strand cDNA Syn-
thesis Kit (Thermo Fisher, U.S.), we reverse transcribed
1μg RNA into cDNA. Then, we performed qRT-PCR by
using the SuperReal PreMix Plus (Tiangen, Beijing, China).
Relative expression of target genes was analyzed by the
2−ΔΔCT method. The primers used in our study are listed in
Table 1.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). The
PGE2 Parameter Assay Kit purchased from R&D Systems
(U.S.) was used to measure PGE2 concentrations in the
L4-L5 endplates.

2.7. Western Blotting Analysis. We extracted the total protein
of the L4-L5 caudal endplate by using RIPA lysis buffer
(Beyotime, Shanghai, China). With 12% SDS-polyacrylamide
gel electrophoresis, 20μg protein was resolved and then was
transferred to polyvinylidene fluoride membranes (Millipore,
U.S.). We blocked the membranes with 5% milk and incu-
bated them with primary antibodies to EP4 (1 : 1000, Thermo
Fisher, U.S.), TRPV1 (1 : 1000, Thermo Fisher, U.S.), and
GAPDH (1 : 5000, Abcam, U.S.) (4°C, overnight). Then, we
incubated the membranes with secondary antibodies
(1 : 20,000, Rockland, U.S.) (37°C, 1 hour). Finally, with the

Odyssey infrared imaging system and ImageJ software
(National Institutes of Health, U.S.), the integrated intensity
of the protein band was detected and analyzed, respectively.

2.8. Electrophysiology. As previously described, we selected
the small-diameter neurons (Cm < 42 pF) for whole-cell
patch clamp recording [33].

2.9. Voltage Clamp Recording. Pipettes (3-4MΩ) were filled
with the following: KCl 140, MgCl2 1, CaCl2 0.5, EGTA 5,
HEPES 10, and ATP 3 (in mM) (pH7.4 with KOH). The
bath solution for DRG neurons was as follows: NaCl 150,
KCl 5, CaCl2 2.5, MgCl2 1, glucose 10, and HEPES 10 (in
mM) (pH7.4 with NaOH). TRPV1 currents were acquired
via an Axopatch 200B amplifier (Molecular Devices) and
low passed at 5 kHz. Cells were constantly held at -60mV,
and TRPV1 currents induced by 1μM capsaicin were
recorded.

2.10. Current Clamp Recording. The pipette solution con-
tained the following (in mM): KCl 140, EGTA 0.5, HEPES
5, and Mg-ATP 3 (pH7.3 with KOH). The bath solution
for DRG neurons was as follows (in mM): NaCl 140, KCl
3, MgCl2 2, CaCl2 2, and HEPES 10 (pH7.3 with NaOH).
Cells were examined for action potential firing with a series
of 1 s current from 50pA to 500 pA in 50 pA increments or
with a liner ramp of current from 0pA to 1000 pA (500ms
duration). -200 pA (200ms) was injected to measure mem-
brane input resistance (Rin).

2.11. Statistical Analysis. We conducted data analyses by
using SPSS15.0 software. Data were shown as means ±
standard deviations. We used unpaired two-sample t-test to
compare the means of two groups. We used one-way
ANOVA with Bonferroni’s post hoc test to compare the
means of multiple groups. With the two-way ANOVA with
repeated measures, we analyzed the effects of LSI surgery on
animals’ spinal hypersensitivity and movements at different
time points. We established inclusion or exclusion criteria
before each experiment and did not exclude any sample dur-
ing data analysis. p < 0:05 was regarded as the statistical sig-
nificance for all experiments.

3. Results

3.1. Sensory Innervation in the Porous Endplate in LSI Mice.
To demonstrate the endplate porosity in LSI mice, we exam-
ined the L4-L5 caudal endplates after 4 and 8 weeks of sur-
gery using histological staining and 3-dimensional μCT.
Safranin O and fast green staining results revealed that bone
marrow cavities appeared in degenerative endplates in LSI
mice, while the endplates in the sham group were cartilagi-
nous and homogenous (Figure 1(a)). Moreover, the recon-
struction of 3-dimensional μCT also showed porous
endplates in the LSI mice, while the microstructure of end-
plates was intact in the sham group (Figures 1(b) and
1(c)). However, LSI surgery did not influence the bone mass
of the lumbar vertebra (Supplementary Figure 1A-E).

Immunofluorescent staining showed the innervation of
CGRP+ nerve fibers in the porous endplate at 4 and 8 weeks
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after LSI surgery, but the CGRP+ nerve endings did not exist
in homogenous endplates of sham surgery mice
(Figures 1(d) and 1(e)).

3.2. Spinal Hypersensitivity Increased in LSI Mice. In the
behavior test experiments, the vocalization threshold was
recorded as an indicator of pressure tolerance. We found
that LSI surgery significantly decreased the pressure toler-
ance at 4 and 8 weeks, as compared with the sham surgery
mice (Figure 2(a)).

We further examined LSI surgery effects on animals’ vol-
untary and spontaneous activity, including distance traveled,
active time per 24h, and maximum speed of movement. All
three indicators decreased significantly in LSI mice rather
than in the sham group at 4 and 8 weeks (Figures 2(b)–2(d)).

Finally, we performed the von Frey test to evaluate the
mechanical hypersensitivity of the hind paw, which could
indirectly reflect the severity of LBP. The PWF was increased
significantly by LSI surgery at 4 and 8 weeks (Figures 2(e)
and 2(f)).

3.3. PGE2 Concentration and EP4 Expression Increased in
the Porous Endplate of LSI Mice. Since PGE2 is the cycloox-
ygenase 2 (COX2) product in the inflammatory environ-
ment, we examined COX2 expression, prostaglandin E
synthase (PGES) expression, and PGE2 concentration in
L4-L5 endplates at 8 weeks in the two groups. qRT-PCR
and immunostaining showed an increase in COX-2 expres-
sion at 8 weeks in the LSI group relative to the sham group
(Figures 3(a)–3(c)). Similarly, PGES mRNA and PGE2 con-
centration was significantly increased after 8 weeks of LSI
surgery in qRT-PCR and ELISA, respectively, relative to
the sham group (Figures 3(d) and 3(e)).

Since there were four types of EP receptors (EP1-EP4)
mediating PGE2’s functions, we used qRT-PCR to evaluate
the change of the mRNA levels of these four types of EP
receptors after LSI surgery. Interestingly, we found a 6-fold
increase in EP4 expression and a 2-fold increase in EP2
expression in the LSI group relative to the sham group by
qRT-PCR. But there was no significant difference in EP1
and EP3 expression between the LSI and sham groups
(Figure 3(f)).

3.4. EP4/TRPV1 Expressed in CGRP+ Nerves in the Porous
Endplate and in the CGRP+ Neuron of L2 DRG in LSI
Mice, Respectively. Immunofluorescent staining showed that

EP4 expression existed in CGRP+ nerve fibers in degenera-
tive endplates (Figure 4(a)). Moreover, there was also colo-
calization of TRPV1 and CGRP in the degenerative
endplates, as examined by immunofluorescent staining
(Figure 4(b)).

In a previous study, a retrograde tracing experiment was
conducted in LSI mice. They found that Dil was significantly
retrograded to L1-L2 DRG, especially to L2 DRG [18].
Therefore, we performed the costaining of EP4 and CGRP
in L2 DRG. We found that the percentage of EP4+CGRP+/-
CGRP+ neurons was increased in the LSI group than in the
sham group (Figures 4(c) and 4(d)). Meanwhile, we con-
ducted the costaining of TRPV1 and CGRP in L2 DRG.
The percentage of TRPV1+CGRP+/CGRP+ neurons was also
increased in the LSI group (Figures 4(e) and 4(f)).

3.5. LSI Surgery Increased TRPV1 Channel Current Density
in L2 DRG Neurons. Western blotting analysis showed that
EP4 and TRPV1 expression increased in L2 DRG in LSI
mice compared with the sham group (Figures 5(a) and 5(b)).

L2 DRG neurons were isolated from the mice at 8 weeks
and then were cultured overnight. With the whole-cell patch
clamp, we did the electrophysiological experiments in small-
size neurons (Cm < 42 pF) taken from L2 DRGs [33]. The
TRPV1 current amplitude (1μM capsaicin) increased signif-
icantly in LSI mice (Figures 5(c) and 5(d)). Furthermore, the
proportion of capsaicin-responsive neurons also increased in
LSI mice relative to the sham group (Figure 5(e)).

3.6. L161982, a Selective EP4 Receptor Antagonist, Reduced
Spinal Hypersensitivity in LSI Mice. We used L161982, an
EP4-receptor antagonist, to investigate the effects of block-
ing PGE2/EP4 signaling on spinal hypersensitivity. In pres-
sure tolerance and spontaneous activity tests, L161982
treatment increased pressure tolerance and spontaneous
activity of LSI mice compared to the vehicle group
(Figures 6(a)–6(d)).

Similarly, the inhibitory effect of L161982 on hind paw
mechanical hypersensitivity, as indicated by decreased
PWF to 0.07 g or 0.4 g stimulation, was also demonstrated
at 2 weeks after treatment (Figures 6(e) and 6(f)).

However, the EP4 receptor antagonist L161982 did not
influence the endplate porosity of LSI mice (Supplementary
Figure 1F, G).

Moreover, we injected capsaicin at the caudal endplate of
L4-L5 of LSI mice to overactivate the TRPV1 channel. We

Table 1: The primer sequence for qRT-PCR.

Target gene Forward primer Reverse primer

COX2 CAGACAACATAAACTGCGCCTT GATACACCTCTCCACCAATGACC

PGES TTTCTGCTCTGCAGCACACT GATTGTCTCCATGTCGTTGC

EP1 GACGATTCCGAAAGACCGCAG CAACACCACCAACACCAGCAG

EP2 GATGGCAGAGGAGACGGAC ACTGGCACTGGACTGGGTAGA

EP3 TGCTGGCTCTGGTGGTGAC ACTCCTTCTCCTTTCCCATCTGTG

EP4 CTGGTGGTGCTCATCTGCTC AGGTGGTGTCTGCTTGGGTC

GAPDH AATGTGTCCGTCGTGGATCTGA AGTGTAGCCCAAGATGCCCTTC

4 Oxidative Medicine and Cellular Longevity



found that TRPV1 overactivation increased spinal hypersen-
sitivity based on the behavior test results. And the spinal
hypersensitivity was obviously increased in the LSI+capsai-
cin+L161982 group, compared with the LSI+L161982 group
(Supplementary Figure 2A-F).

3.7. L161982 Reduced TRPV1 Channel Current Density in L2
DRG Neurons. Western blotting analysis showed that EP4
and TRPV1 expression decreased in L2 DRG of mice with
L161982 treatment relative to vehicle treatment
(Figures 7(a) and 7(b)).
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Figure 1: Sensory innervation in the porous endplate in LSI mice. (a) Representative images of safranin O and fast green staining of the
proteoglycan (red) and bone marrow cavities (green) in the L4-L5 caudal endplates (coronal view) in the LSI or sham group. (b)
Representative images of μCT of the L4-L5 caudal endplates (coronal view) in the LSI or sham group. (c) Quantitative analysis of the
percentage of endplate porosity examined by μCT. (d) Representative images of immunostaining of CGRP (red) and DAPI (blue) in the
L4-L5 caudal endplates (coronal view) in the LSI or sham group. (e) Quantitative analysis of the percentage of CGRP+ area in the L4-L5
caudal endplates. Scale bars, 50 μm (a, d). Scale bars, 1mm (b). ∗p < 0:05 vs. sham group at the corresponding time points. n = 5 per
group (c, e).
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The TRPV1 current amplitude (1μM capsaicin)
decreased significantly in LSI mice with L161982 treatment
relative to vehicle treatment (Figures 7(c) and 7(d)).

In addition, the capsaicin-responsive neuron percentage
decreased in the L161982 group compared to the vehicle
group (Figure 7(e)).

We found that TRPV1 overactivation by capsaicin injec-
tion increased TRPV1 current measured with a patch clamp.
And the TRPV1 current was obviously increased in the LSI
+capsaicin+L161982 group, compared with the LSI
+L161982 group (Supplementary Figure 3A, B).

3.8. L161982 Reduces the Excessive Neuronal Excitability of
DRG Neurons Induced by LSI. To determine whether LSI
surgery increases DRG neuronal excitability and whether
PGE2/EP4/TRPV1 pathway activation is responsible for
DRG neuron hyperexcitability of LSI mice, evoked action
potentials (APs) were studied by current clamp recording.

With step current injection, LSI surgery increased AP
firing frequency compared to the sham group, and the AP
firing frequency could be reduced by L161982 treatment
(Figures 8(a) and 8(b) and Table 2). The minimal depolariz-
ing current that could evoke APs was significantly decreased
after LSI operation, which could also be reversed by L161982
(Figure 8(c) and Table 2).

In addition, we evaluated the neuronal hyperexcitability
by ramp current stimulation. LSI surgery significantly
increased the firing of APs relative to the sham group, and
the firing of APs was lowered by L161982 treatment

(Figures 8(d) and 8(e) and Table 2). The percentage of neu-
rons which fired APs was also calculated under the simula-
tion of ramp current injection. We found a higher
responding rate in LSI mice compared with the sham group,
and the responding rate was significantly lowered by
L161982 treatment (Figure 8(f)).

4. Discussion

The IVD degeneration is regarded as one of the most com-
mon diseases causing LBP [34]. In recent decades, Modic
changes, manifested as signal changes in endplates by MRI,
have been demonstrated to be a specific cause of LBP [35].
Endplates undergo ossification and become porous during
IVD degeneration, which leads to LBP [36, 37]. It has been
reported that more nerve innervation occurs in degenerative
endplates than in healthy endplates [17]. In our study, we
used a mouse model of vertebral endplate degeneration by
LSI surgery [14]. According to behavior test experiments,
the pressure tolerance and spontaneous activity significantly
decreased in LSI mice, whereas the hind paw mechanical
hypersensitivity significantly increased in this model.

Consistent with the previous study [18], we demon-
strated that CGRP+ nerves innervated in the porous endplate
of LSI mice. It has been reported that CGRP could be gener-
ated from peripheral or central nerve fibers as the mechani-
cal stimuli on skin [38]. CGRP receptors are demonstrated
to be widely distributed in the pain-related pathway [39].
Acute or chronic nociception could promote sensory nerves
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Figure 2: Spinal hypersensitivity increased in LSI mice. (a) Pressure tolerance was determined by a vocalization threshold in the LSI or sham
group. (b–d) Voluntary and spontaneous activity was evaluated by three indicators including (b) distance traveled, (c) active time per 24 h,
and (d) maximum speed of movement. (e, f) The PWF in response to the von Frey test in the LSI or sham group. ∗p < 0:05 vs. sham group at
the corresponding time points. n = 5 per group.
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or central terminals to generate more CGRP into the dorsal
horn [40, 41]. Thus, the CGRP+ nerve innervated in the
porous endplate, which was the precondition for spinal
hypersensitivity in LSI mice.

In our study, we found that COX2 expression and PGE2
concentration were significantly increased in the porous
endplate in LSI mice. Moreover, there was a 6-fold increase
in EP4 expression and a 2-fold increase in EP2 expression
in the endplate of LSI mice relative to sham mice, but there
was no significant difference in EP1 and EP3 expression
between the two groups. Thus, the PGE2/EP4 pathway
might play a crucial role in spinal hypersensitivity of this
animal model. When tissue was damaged, the inflammatory
mediators, such as PGE2, were released at the local region or
in the spinal cord [42]. PGE2 induces pain sensitization and
leads to CGRP release in sensory nerves in vivo [43], as well
as in cultured DRG neurons in vitro [44]. PGE2 displays
functions via its G protein-coupled receptors (EP1–EP4)
[45]. The EP4 receptor is coupled with G protein and acti-
vates adenylate cyclase, which enhances the intracellular
activation of cAMP-dependent protein kinases (e.g., PKA)
[46]. PGE2 has been reported to promote the capsaicin-

evoked CGRP generation by DRG neurons via its G
protein-coupled EP receptor, EP4 receptor [21]. In our
study, we demonstrated the colocalization of EP4 and CGRP
in the nerve endings both in porous endplates and in the
DRG neurons. Besides, we also found the colocalization of
TRPV1 and CGRP in the nerve endings both in porous end-
plates and in the DRG neurons by immunofluorescent
staining.

The crucial role of TRPV1 activation in spinal pain of
LSI mice was also demonstrated in our present study. We
found a higher expression of TRPV1 in L2 DRG which
innervated in L4-L5 endplates of LSI mice. The upregulated
expression of TRPV1 in L2 DRG correlated well with the
increase in spinal hypersensitivity. Furthermore, the patch
clamp results showed that LSI operation increased TRPV1
current density, suggesting that the functional TRPV1
expression was increased by LSI surgery. Thus, the increased
current density of the TRPV1 channel might participate in
LSI-induced spinal hypersensitivity.

TRPV1, a member of TRP ion channels, has been recog-
nized as “a molecular gateway” to nociceptive sensation.
TRPV1 was mainly distributed in the dorsal root ganglion,
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Figure 3: PGE2 concentration and EP4 expression increased in the porous endplate of LSI mice. (a) qRT-PCR analysis of COX-2 expression
in L4-L5 caudal endplates in the LSI or sham group at 8 weeks. (b) Representative images of immunostaining of COX-2 (green) and DAPI
(blue) in the L4-L5 caudal endplates in the LSI or sham group at 8 weeks. (c) Quantitative analysis of the percentage of COX-2+ area in
endplates. (d) PGES expression by qRT-PCR in L4-L5 caudal endplates in the LSI or sham group at 8 weeks after surgery. (e) PGE2
concentration determined by ELISA analysis in L4-L5 caudal endplates in the LSI or sham group. (f) qRT-PCR analysis of EP1, EP2,
EP3, and EP4 expression in L4-L5 caudal endplates in the LSI or sham group at 8 weeks after surgery. Scale bars, 50μm (b). ∗p < 0:05
vs. sham group. n = 3 per group (a, d, f); n = 5 per group (c, e).
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coimmunostaining of CGRP and TRPV1 in L4-L5 caudal endplates in the LSI or sham group at 8 weeks. (c) Representative images of the
coimmunostaining of CGRP and EP4 in L2 DRGs in the LSI or sham group at 8 weeks. (d) The percentage of the EP4+CGRP+ area relative
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trigeminal ganglion, spinal cord, and peripheral nerve end-
ings. In addition, TRPV1 was also found in some nonneural
tissues such as the lung, gastrointestinal tract, and respira-
tory tract. In recent years, it has been found that TRPV1 is
important in mediating hypersensitivity mediated by inflam-
mation nocuous chemical, mechanical, or thermal stimuli in
the airway, skin, gastrointestinal tract, and other organs
[47–51]. There is less evidence about TRPV1-mediating
hypersensitivity in a vertebral endplate degeneration model.
However, in the arthritis model, whose pathogenesis is sim-
ilar to the vertebral endplate degeneration model, the fact
that TRPV1 is important in mediating hypersensitivity has
been proven. Thermal hyperalgesia and osteoarthritic pain
are associated with the activation of the TRPV1 channel
[52]. TRPV1 may contribute to the pain hypersensitivity
and inflammation of arthritis via an ERK-mediated pathway
[53]. Polypeptide APHC3, a mode-selective TRPV1 antago-
nist, can significantly reverse mechanical hypersensitivity in
the arthritis model [54]. The above evidence shows that
TRPV1 is important in mediating hypersensitivity in degen-
erative osteoarthritis.

TRPV1 contributes to spinal hypersensitivity. Evidence
proved that hypersensitivity induced by activation of spinal
cord PAR2 receptors is mediated by TRPV1 receptors [55].
TRPV1 was functionally expressed in GABAergic spinal
interneurons, and activation of spinal TRPV1 resulted in
long-term depression of excitatory inputs and a reduction
of inhibitory signaling to spinothalamic tract projection neu-

rons and eventually leads to central sensitization [56]. Evi-
dence has demonstrated that blocking TRPV1 could relieve
spinal hypersensitivity. The thermal and mechanical hyper-
sensitivity in the spine can be relieved by the TRPV1 selec-
tive antagonist [57]. Intrathecal administration of the
antisense oligonucleotide against TRPV1 reduced mechani-
cal hypersensitivity in rats with spinal nerve ligation [58].
The hypersensitivity induced by lumbar 4 spinal nerve liga-
tion in mice was completely reversed by the TRPV1 antago-
nist A-425619 [59]. The threshold against heat sensitivity in
the L5 ipsilateral dorsal horn of the spinal cord was mark-
edly prolonged in Trpv1-/- mice than in WT mice [60]. Cap-
sazepine, a TRPV1 blocker, could greatly inhibit thermal
hypersensitivity in a spinally sensitized state [61].
AMG9810, the specific antagonist of TRPV1, could signifi-
cantly attenuate the activation of bilateral spinal astrocytes
and microglia [33]. The above evidence indicates that block-
ing TRPV1 could relieve spinal hypersensitivity.

Actually, there is a close relationship between the
PGE2/EP4 pathway and TRPV1 channel. PGE2 has been
shown to increase surface trafficking of EP4 and TRPV1
in vitro [62]. In a restraint stress rat model, overproduced
PGE2 in injured nerves chronically increased EP4 and
TRPV1 expression in primary sensory neurons, and EP4
antagonists relieved both inflammatory and neuropathic
pain [25]. In our study, using behavior test experiments,
we found that L161982, an EP4 receptor antagonist, relieved
spinal hypersensitivity by blocking the PGE2/EP4 pathway
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Figure 5: LSI surgery increased TRPV1 expression and TRPV1 channel current density in L2 DRG neurons. (a) Representative images of
western blotting of EP4 and TRPV1 expression in L2 DRGs in the LSI or sham group at 8 weeks after surgery. (b) Quantitative analysis of
EP4 and TRPV1 expression in L2 DRGs in the LSI or sham group at 8 weeks after surgery (n = 3 per group). (c) Representative traces of
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mice (n = 9-15 cells per group). (e) The number of 1 μM capsaicin-responding neurons was increased after LSI treatment (n = 30 cells
per group). ∗p < 0:05 vs. sham group.
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in LSI mice. Furthermore, L161982 decreased the TRPV1
current density and the proportion of capsaicin-responsive
neurons relative to L2 DRG neurons in LSI mice.

PGE2 acts on target cells through its receptors EP1, EP2,
EP3, and EP4. Interactions of PGE2/EP4 and TRPV1 in pain
hypersensitivity have been proven. PGE2 enhanced

capsaicin-induced currents in DRG neurons through EP4
[20] and EP4-PKA signaling cascades [63]. PGE2 potenti-
ated pain evoked by the TRPV1 agonist [64]. The upregula-
tion of TRPV1 in DRG neurons was suppressed by a
selective COX2 inhibitor, suggesting that PGE2 stimulates
TRPV1 synthesis in DRG neurons [65]. Furthermore,
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Figure 6: L161982 reduced spinal hypersensitivity of LSI mice. (a) Pressure tolerance was determined by a vocalization threshold at 2 weeks
after L161982 or vehicle treatment. (b–d) Voluntary and spontaneous activity was evaluated by three indicators including (b) distance
traveled, (c) active time per 24 h, and (d) maximum speed of movement. (e, f) The PWF in response to the von Frey test (0.07 g or 0.4 g)
at 2 weeks after L161982 or vehicle treatment. ∗p < 0:05 vs. sham+vehicle group; #p < 0:05 vs. LSI+vehicle group. n = 5 per group.
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PGE2-induced thermal hyperalgesia was abolished in
TRPV1-knockout mice [63]. The above evidences suggest
that functional interactions between PGE2/EP4 and TRPV1
are crucial to PGE2-induced nociceptor sensitization. A recent
study has proven that PGE2/EP4 increased TRPV1 cell surface
trafficking in DRG neurons via cAMP/PKA/ERK/MAPK sig-

naling pathways. Moreover, PGE2 induced TRPV1 externali-
zation and enhances TRPV1 activity [62].

In our study, we showed that L2 DRG neurons exhibited
an increased excitability in the LSI model. The hyperexcit-
ability of DRG neurons was decreased by the inhibition of
the PEG2/EP4 pathway with L161982. These results showed
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Figure 7: L161982 reduced TRPV1 expression and TRPV1 channel current density in L2 DRG neurons of LSI mice. (a) Representative
images of western blotting of EP4 and TRPV1 expression in L2 DRGs at 2 weeks in the sham+vehicle, LSI+vehicle, and LSI+L161982
group. (b) Quantitative analysis of EP4 and TRPV1 expression in L2 DRGs at 2 weeks in the sham+vehicle, LSI+vehicle, and LSI
+L161982 group (n = 3 per group). (c) Representative traces of TRPV1 current induced by 1 μM capsaicin. (d) Quantitative analysis of
1μM capsaicin-induced current densities (n = 8-16 cells per group). (e) The percentage of the neurons in response to 1μM capsaicin
(n = 30 cells per group). ∗p < 0:05 vs. sham+vehicle group, #p < 0:05 vs. LSI+vehicle group.
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Figure 8: L161982 treatment attenuated LSI-induced increase in neuronal excitability. (a) AP firing traces in L2 DRG neurons to 1 s, 300 pA
depolarizing current injection. (b) Quantitative analysis of APs induced by step current injection in the sham+vehicle, LSI+vehicle, and LSI
+L161982 groups. (c) Current threshold for APs in the sham+vehicle, LSI+vehicle, and LSI+L161982 groups (n = 20 cells per group). (d)
Current clamp recordings with ramp current stimulation starting from 0 pA to 1000 pA of 500ms duration. (e) Quantitative analysis of
APs induced by ramp current stimulation (n = 14-19 cells per group). (f) The percentage of the neurons in response to ramp current
stimulation (n = 20 cells per group). ∗p < 0:05 vs. sham+vehicle group, #p < 0:05 vs. LSI+vehicle group.
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that TRPV1 channel activated by the PEG2/EP4 pathway
participated in the enhancement of the excitability of
DRG neurons in LSI mice. It has been reported that the
hyperexcitability of DRG neurons leads to central sensiti-
zation and chronic pain [66]. Therefore, the TRPV1 chan-
nel activated by the PEG2/EP4 pathway caused the
hyperexcitability of DRG neurons, which could drive
spinal pain.

In conclusion, the PGE2/EP4 pathway in the porous
endplate could activate the TRPV1 channel in DRG neurons
to cause spinal hypersensitivity in LSI mice. L161982, a
selective EP4 receptor antagonist, could turn down the
TRPV1 current and decrease the neuronal excitability in
DRG neurons to reduce spinal pain.
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Supplementary Figure 1: the effects of LSI treatment on ver-
tebra bone mass and L161982 treatment on endplate poros-
ity. (A) Representative three-dimensional high-resolution
μCT images of the trabecular bone of the L5 vertebra (coro-
nal view) at 8 weeks after sham or LSI surgery. (B–E) Quan-

titative analysis of the trabecular bone volume/total volume
(BV/TV, B) and trabecular bone number (Tb.N, C), trabec-
ular bone thickness (Tb.Th, D), and trabecular bone separa-
tion distribution (Tb.Sp, E) in the L5 vertebra determined by
μCT. ∗p < 0:05 vs. sham group. n = 5 per group. (F) Repre-
sentative images of μCT of the L4-L5 caudal endplates (cor-
onal view) in the sham+vehicle, LSI+vehicle, or LSI
+L161982 group. (G) Quantitative analysis of the percentage
of endplate porosity examined by μCT. ∗p < 0:05 vs. sham
+vehicle group, #p < 0:05 vs. LSI+vehicle group. n = 5 per
group. Supplementary Figure 2: spinal hypersensitivity
increased by TRPV1 overactivation. (A) Pressure tolerance
was determined by the vocalization threshold in the LSI
+vehicle, LSI+L161982, LSI+capsaicin, or LSI+L161982
+capsaicin group. (B–D) Voluntary and spontaneous activ-
ity was evaluated by three indicators including (B) distance
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test (0.07 g or 0.4 g) in the LSI+vehicle, LSI+L161982, LSI
+capsaicin, or LSI+L161982+capsaicin group. ∗p < 0:05 vs.
LSI+vehicle group, #p<0.05 vs. LSI+L161982 group,
†p < 0:05 vs. LSI+capsaicin group. n = 5 per group. Supple-
mentary Figure 3: TRPV1 channel current density in L2
DRG neurons by TRPV1 overactivation. (A) Representative
traces of TRPV1 current induced by 1μM capsaicin. (B)
Quantitative analysis of 1μM capsaicin-induced current
densities (n = 11-15 cells per group). ∗p < 0:05 vs. LSI+vehi-
cle group, #p < 0:05 vs. LSI+L161982 group, †p < 0:05 vs. LSI
+capsaicin group. (Supplementary Materials)
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Lumbar intervertebral disc degeneration (IDD) has been the major contributor to low back pain (LBP). IDD is an chronic
inflammation process, with the activation of plentiful inflammation-related cytokines and ECM degradation-related enzymes. In
the past few years, hypertension has been reported to correlate with LBP. In addition, the local tissue renin-angiotensin system
(tRAS) has been identified in multiple tissues, including the spinal cord, skin, kidney, heart, and bone. Recently, tRAS has also
been established in both bovine and human intervertebral disc tissues, especially in the degenerated disc tissue. However, the
exact of tRAS and IDD remains unknown. In this present study, proteomic analysis, molecular biology analysis, and animal
model were all used. Firstly, we revealed that tRAS was excessively activated in the human degenerated intervertebral disc tissue
via proteomic analysis and molecular biology analysis. Then, in vitro experiment suggested that Ang II could decrease the cell
viability of human NP cells and promote NP cell apoptosis, senescence, oxidative stress, and NLRP3 activation in human NP
cells. In addition, Ang II could also trigger degeneration and fibrosis phenotype in human NP cells. Finally, the animal model
demonstrated that the local activated ACE/Ang II axis in the NP tissue could accelerate IDD in aging spontaneously
hypertensive rats (SHR). Collectively, the degenerated intervertebral disc tissue showed excessively activated tRAS, and local
activated tRAS could induce NP cell senescence, apoptosis, oxidative stress, and inflammatory reaction to promote IDD. These
biological effects of Ang II on human NP cells may provide novel insight into further treatment of IDD.

1. Introduction

Low back pain (LBP) has been the major contributor to hos-
pitalization in patients with degenerative lumbar diseases,
which brings enormous social and economic burdens for
patients and their families worldwide [1]. Of the massive
pathogenic factors, lumbar intervertebral disc degeneration

(IDD) has been the mostly studied. Anatomically, the normal
intervertebral disc is consist of gel-like inner nucleus pulpo-
sus tissue (NP), surrounding annulus fibrosus tissue (AF),
and cartilaginous endplates structure (EP), which connects
adjacently superior and inferior vertebral bodies [2, 3]. In
general, IDD is an age-related biological process. However,
accumulating evidence has suggested that multifactorial
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pathogenesis can initiate or accelerate IDD, such as repeti-
tive mechanic load, infective diseases, trauma, and genetic
predisposition. During the process of IDD, various patho-
logical changes occur in the microenvironment of the NP
tissue, such as cell apoptosis, cell senescence, inflammatory
reaction, and oxidative stress, which will result in increased
catabolic reaction and decreased synthetic reaction [4].
These abnormal biological processes will finally cause IDD-
related diseases, such as spinal canal stenosis, adjacent seg-
ment degeneration (ASD), and spinal instability [4].

Clinical treatments have been well built based on the dura-
tion of symptoms, age, comorbidities, severity of IVD, com-
pression of neural elements, and spinal stability. In early
stage, patients with symptomatic IDD could be well controlled
via medication therapy, such as vitamin B12 combined with
nonsteroidal anti-inflammatory drugs [5]. However, surgical
interventions are frequently recommended, especially for
patients with serious neurological dysfunction [5]. Neverthe-
less, the long-term surgical effects could be ineffective, and
the occurrence of ASD cannot be ignored [6]. In recent years,
basic research therapy has attracted substantial interest.
Various molecular treatments targeted at inhibiting the
inflammatory responses and oxidative stress have been
established, including gene therapy, growth factor therapy,
and cell therapy [3, 5, 7]. However, due to the limitation
of the exact mechanism of IDD and further clinical trials,
these therapies above have not yet acquired satisfactory
generalization. Thus, more work is still required to explore
the potential mechanism of IDD.

Hypertension, as a common chronic disease, has been
reported to be a risk factor for low back pain, and antihyper-
tensive medication may attenuate this association [8, 9].
However, the potential mechanism of hypertension involved
in IDD remains unknown. The regulatory effects of the
renin–angiotensin system (RAS) on vasoconstriction, blood
pressure, and electrolyte balance during hypertension have
been well established. Ang II, as a key mediator in hyperten-
sion, is mainly produced from angiotensinogen (ATG) via
angiotensin-converting enzyme (ACE) [10]. AT1 receptor
(G protein-coupled receptor) is the main biological mediator
of Ang II, and the binding of Ang II to AT1 will enhance the
generation of ROS, the release of pro-inflammatory cyto-
kines, and, the accumulation of M1 macrophages [10, 11].
However, plentiful researches have suggested the circulatory
homeostasis-independent biological effects of Ang II in mul-
tiple organs or tissues in the past decades. Li et al. ever
reported that Ang II could induce mitochondrial oxidative
stress and DNA damage in osteoblasts to accelerate the pro-
cess of osteoporosis [12]. Ang II could also enhance the infil-
tration of inflammatory cells, such as macrophages, into local
tissue, and cause tissue damage [13]. Andrew et al. previously
demonstrated that macrophage Ang II receptor could trigger
chronic neuropathic pain [14]. In addition, Ang II is also
involved in degeneration-related diseases, such as osteoar-
thritis and Alzheimer’s disease [10, 15, 16]. Therefore, a
new term “Tissue Renin-Angiotensin System (tRAS)” has
been proposed. Interestingly, Morimoto et al. firstly found
tRAS components in the normal rat intervertebral disc tissue
at both mRNA and protein levels [17]. Further, Li et al. con-

firmed the existence of tRAS components in the human disc
tissue and found that within tRAS-positive disc samples,
AGT, matrix-metalloproteinases 13/3 (MMP3/13), IL-1,
and other inflammatory cytokines were highly expressed
[18]. These results above indicated a potentially critical role
of tRAS in IDD. However, the correlation between the activa-
tion of tRAS and the process of IDD and the exact molecular
mechanisms of Ang II contributing to IDD have not yet been
fully elucidated.

This present study is aimed at revealing (1) the correla-
tion of activated tRAS and the degree of IDD in the human
disc tissue, (2) the potential biological effects of Ang II on
human NP cells and related pathological mechanisms
in vitro, and (3) the long-term effects of local activated tRAS
in the NP tissue on the process of IDD in vivo. The results
will provide new information for future investigation of
hypertension and IDD.

2. Methods and Materials

2.1. Acquisition of Patients’ Samples. This study was
approved by the ethic board of our institution, and the writ-
ten informed consent was signed by all the participants
enrolled in this study. Lumbar intervertebral disc tissue was
acquired intraoperatively from twenty-two patients (mean
age: 56 ± 12 years; range: 23-78 years) who accepted surgical
fusion due to spine-related diseases (trauma and interverte-
bral disc herniation) in our institution. According to preop-
erative Pfirrmann grades on MRI, the disc tissue was
divided into the nondegenerated group (grade II), moder-
ately degenerated group (grade III), and severely degenerated
group (grade IV). Disc tissue from ten patients including
grade II (five cases) and grade IV (five cases) was used to per-
form TMT quantitative proteomic analysis. In addition, disc
tissue from three patients (grade II) was used to isolate NP
cells in vitro.

2.2. Experimental Protocols. Male WKY rats and SHR with
age of 8 weeks (weighed 250-350 g) were obtained from Vital
River Laboratory Animal Technology and kept in animal
room with 12-h cycle of light and dark. All experiments were
approved by the Animal Care and Use Committee of Navy
Medical University.

2.3. Proteomic Analysis. The intervertebral disc tissue
(nucleus pulposus as much as possible) was collected from
ten patients (five cases with grade II and five cases with grade
IV). The details of proteomic analysis have been described
previously, with the experimental workflow in supplemen-
tary file (supplementary Figure 1) [19, 20]. Briefly, after
collection of the disc sample, the proteins were extracted,
alkylated, and digested. After SDS-PAGE separation, the
proteins underwent tandem mass tag (TMT) labeling based
on the instructions (Thermo Fisher Scientific, Waltham,
MA, USA). Subsequently, the TMT-labeled samples
underwent high pH reversed-phase peptide fractionation
using kit (Thermo Fisher Scientific, Waltham, MA, USA),
followed by LC-MS-MS data acquisition and bioinformatic
analysis (GO and KEGG).
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2.4. Acquisition and Culture of Human NP Cells. This
method has been reported in our recent study [2]. Briefly,
the collected intervertebral disc tissue was transported to lab-
oratory using 0.9% sterile saline within two hours. Then, the
tissue was washed 3 times using PBS (Servicebio, Wuhan,
China) in super clean bench. Next, gel-like NP tissue was sep-
arated and digested using 0.25% Trypsin-EDTA (C0209-
100mL, Beyotime, Shanghai, China) for 30 minutes and
0.2% collagenase type II (Invitrogen, USA) for another 1 h
at 37°C under a shaker (70 r/min). Finally, the isolated NP
cells were resuspended in complete culture medium (Gibco;
Thermo Fisher Scientific, Inc.) and cultured in a 37°C incuba-
tor. At the third, half of the culture medium will be replaced
by complete medium. Five days after isolation, the spindle-
shaped NP cells will move out and adhered at the bottom
which we called passage 0. When the cell density reaches
about 80%, the NP cells could be used further experiments.

2.5. Cell Viability Assay. After seeding in a 96-well plate
(4 × 103 cells/well) for 24 hours, cells were incubated with
Ang II (10-4-10-10M) for another 24 hours. On the third
day, 110μl CCK 8 detection solution (10μl CCK8 solution
and 100μl DF-12 medium) was added into every single well
and coincubated with NP cells for another 1 hour at 37°C.
The absorbance of every well was measured with a wave-
length of 450 nm on an absorbance microplate reader (Bio-
Tek, USA).

2.6. Real-Time Quantitative PCR (Polymerase Chain
Reaction). This method has been described in previous study
[2]. After acquisition of mRNA from NP cells, total mRNA
(100ng/μL) was reversed using HiScript ® III RT SuperMix
for qPCR Kit (R323-01, Vazyme, Nanjing, China). Then,
the acquired cDNA was quantified using SYBR qPCRMaster
Mix (Q711-02, Vazyme, Nanjing, China) on a ABI 7500
Real-Time PCR system (Applied Biosystems, Foster City,
USA). GAPDH was used as the normalization, and all reac-
tions were run for three times. Relative mRNA amount was
quantified using the formula: 2−△△Ct. The primer sequences
used are presented in Table 1.

2.7. Immunohistochemical Analysis. This method has been
described previously [2]. Intervertebral disc samples were
sectioned, embedded with paraffin, and deparaffinized,
followed by blocking the endogenous peroxide using 3%
hydrogen peroxide. Then, the sections were incubated in
5% blocking solution for 60min and incubated with primary
antibody against ACE (24743-1-AP, 1 : 500, Proteintech,
China) overnight at the temperature of 4°C. Subsequently,
HRP-conjugated secondary (GB23303, Servicebio, Wuhan,
China) was used to binding primary antibody, followed by
hematoxylin stanning. Images were captured using light
microscopy (Olympus, Japan).

2.8. Immunofluorescence Analysis. Our previous study also
described this method in detailly [2]. After intervertebral disc
sections or NP cells were well prepared, 0.1% Triton X-100
was employed to permeate samples for 5min. Then, samples
were blocked with 3-5% BSA for 60min at 37°C. Then, the
samples were incubated using primary antibody against

γH2AX (GB111841, 1 : 200, Servicebio, Wuhan, China),
aggrecan (GB11373, 1 : 500, Servicebio, Wuhan, China), col-
lagen type II (GB14073, 1 : 500, Servicebio, Wuhan, China),
iNOS (GB11119, 1 : 1000, Servicebio, Wuhan, China), colla-
gen type I (GB11022, 1 : 500, Servicebio, Wuhan, China),
NLRP3 (GB11300, 1 : 1000, Servicebio, Wuhan, China),
CD206 (#24595, 1 : 800, Cell Signaling Technology, Inc.
USA), MMP3 (GB11131, 1 : 500, Servicebio, Wuhan, China),
AGT (ab108334, 1 : 200, Abcam, USA), Nrf2 (340675, 1 : 500,
Zenbio, Chengdu, China), and p65 (GB11142, 1 : 200, Servi-
cebio, Wuhan, China) at 4°C overnight. At the second day,
samples were treated with fluorescence secondary antibody
(GB22303, GB21301, Servicebio, Wuhan, China) for 1 h in
the dark room. The nuclei were staining with DAPI solution
(G1012-100ML, Servicebio, Wuhan, China). The fluores-
cence was detected using fluorescence microscope (Olympus,
Japan).

2.9. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Assay. Our previous study also described
this method detailly [2]. After intervertebral disc sections or
NP cells were well prepared, 0.3% Triton X-100 was applied
to permeating samples for 10min. Then, the TUNEL detec-
tion solution was prepared with 5μl TDT enzyme and 45μl
fluorescent labeling solution for each sample. After washing
the sample twice using HBSS/PBS, the TUNEL detection
solution was incubated with samples in a 37°C incubator
for 60min. Subsequently, the samples were again washed
using HBSS/PBS for 3 times, followed by DAPI solution.
Finally, TUNEL-positive cells were detected using fluores-
cence microscope (570 nm, Olympus, Japan).

2.10. Detection of Reactive Oxygen Species. Our previous
study also described this method detailly [2]. Human NP
cells were washed using PBS for 3 times, followed by staining
with none-FBS cultural medium solved with 2,7-DHD
(S0033S, Beyotime, Shanghai, China) for 20 mins. Then,
the NP cells were again washed for 3 times in order to wash
out remaining DCFH-DA. The level of ROS would be identi-
fied by fluorescence microscope (525 nm, Olympus, Japan).

2.11. Safranin O-Fast Green Stanning. The rat caudal disc was
fixed using 4% PFA for one day and decalcified using decal-
cifying fluid for 15-20 days. Then, the samples were embed-
ded using paraffin. After dehydration, the samples were
incubated with Safranin O Fast Green (G1053, Servicebio,

Table 1: Sequences of the primers for RT-qPCR.

Gene Primer Sequence

ACE
Forward CTTTGACGGAAGCATCACC

Reverse GGCACATTCGCAGGAAC

AT1
Forward GCTGTCATCCACCGAAA

Reverse GGAACAAGAAGCCCAGAA

GAPDH
Forward TGACCACAGTCCATGCCATC

Reverse GACGGACACATTGGGGGTAG
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Wuhan, China). Typical images were randomly captured
using light microscopy (Olympus, Japan).

2.12. Western Blot. Our recent study has described this
method detailly [2]. The primary antibodies used in this pres-
ent study included NOX2 (ab129068, 1 : 2000, Abcam, USA),
AT1 (381666, 1 : 1000, Zenbio, Chengdu, China), ACE
(24743-1-AP, 1 : 1000, proteintech, China), Bax (200958,
1 : 1000, Zenbio, Chengdu, China), MMP13 ((820098,
1 : 1000, Zenbio, Chengdu, China), C-caspase-3 (#9664,
1 : 1000, Cell Signaling Technology, Inc. USA), p53 (sc-
393031, 1 : 500, Santa Cruz, Bio. Lnc, USA), Klotho
(382164, 1 : 1000, Zenbio, Chengdu, China), Bcl2 (381702,,
1 : 1000, Zenbio, Chengdu, China), COX-2 (#12282,
1 : 1000, Cell Signaling Technology, Inc. USA), MMP-3
(380816, 1 : 1000, Zenbio, Chengdu, China), aggrecan
(ab36861, 1μg/mL, Abcam, USA), iNOS (#20609, 1 : 1000,
Cell Signaling Technology, Inc. USA), Nrf2 (221102,
1 : 1000, Zenbio, Chengdu, China), HO-1 (#43966, 1 : 1000,

Cell Signaling Technology, Inc. USA), type II collagen (colla-
gen II (1 : 1000, ab34712, Abcam), SOD1 (#37385, 1 : 1000,
Cell Signaling Technology, Inc. USA), NLRP3 (381207,
1 : 1000, Zenbio, Chengdu, China), ASC (340097, 1 : 1000,
Zenbio, Chengdu, China), and GAPDH (5174, 1 : 1000, Cell
Signaling Technology, Inc. USA). The secondary antibodies
were purchased from Zenbio (380172, 511103, Zenbio,
Chengdu, China).

2.13. Enzyme-Linked Immunosorbent Assay. The secretory
amount of Il-18, IL-1β, and NO in supernatant of cultured
human NP cells was detected using ELISA kit (ab215539,
ab214025, Abcam, USA, and SD0621, Westang, China).

2.14. Assay of Mitochondrial Membrane Potential (MMP).
Our previous study also described this method detailly [2].
After human NP cells were treated with Ang II, the prepared
JC-1 staining fluid (Beyotime Biotechnology, Inc., Shanghai,
China) was added into cells (1mL/well) and incubated at
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Figure 1: Activation of the tissue renin-angiotensin system (tRAS) in the human degenerated intervertebral disc tissue. (a) The volcano plot
of the gene relative expression of NP tissue in the none-degenerated group compared to the severely degenerated group. Pink circles
represented upexpressed proteins (p < 0:05), whereas black circles suggested proteins without expression differences between these two
groups (n = 5). (b) The clustering analysis heat map. (c) Top 20 enriched GO terms. (d) Top ten enriched KEGG pathways. (e) TUNEL
assay of the human NP tissue among grades II, III, and IV (n = 3). (f) Quantitative results of TUNEL-positive cells. (g)
Immunohistochemical analysis of the expression of ACE in the human NP tissue among grades II, III, and IV (n = 3). (h) Quantitative
results of ACE-positive cells. (i, j) Western blot results of the protein expression of tRAS components (ACE and AT1) and MMP13 in the
human NP tissue (n = 3). Scale bar = 50 μm. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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Figure 2: Inflammatory cytokines promoted the activation of tRAS in human nucleus pulposus cells in vitro. (a, b) Secretion amount of Ang
II in supernatant of human NP cells induced by IL-1β or TNF α was quantified by the ELISA assay (n = 5). (c, d) Western blot revealed the
relative protein expression of tRAS components (ACE and AT1) in human NP cells induced by IL-1β or TNF α (n = 3). (e, f) RT-qPCR
quantified the relative mRNA expression tRAS components (ACE and AT1) in human NP cells induced by IL-1β or TNF α in a time-
change manner (n = 3). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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Figure 3: Continued.
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37°C for 20min. After then, the NP cells were washed with
buffer solution. Fluorescence microscope (Olympus, Japan)
was used to analyze the MMP of NP cells.

2.15. Assay of Senescence-Associated β-Galactosidase (SA-β-
gal) Activity. This method has been reported previously
[21]. Firstly, SA-β-gal staining fixative was added to the
treated cells and coincubated for 15min. After washed by
PBS, SA-β-gal work solution was added to cells drop by drop
and incubated at 37°C overnight, covered by plastic wrap.
The SA-β-gal staining image was acquired under a light
microscope (Olympus, Japan).

3. Results

3.1. Activation of the Tissue-Renin-Angiotensin-System
(tRAS) in the Human Degenerated Intervertebral Disc
Tissue. This project was carried out using TMT Quantitative
TMT-labeling LC-MS-MS, and totally, 1841 proteins were
identified.With 1.2 less or more fold changes (p < 0:05) being
screened by the criteria, there were 112 upregulated proteins
and 79 downregulated proteins in none-degenerated group
compared to the severely degenerated group (Figure 1(a)).
The altered protein expression profile in these two groups
was presented using hierarchical clustering (Figure 1(b)).
The Kyoto Encyclopedia of Genes and Genome (KEGG)
pathway enrichment analysis revealed the altered proteins
with their important signal pathway, including renin-
angiotensin system, glycosaminoglycan biosynthesis path-
way, PPAR signaling pathway, alcoholism, and systemic
lupus erythematosu (Figures 1(c) and 1(d)). Based on gene
counts and gene ratio, we focused on RAS. In addition,
AGT (P01019), the origin of Ang II, was found to be
expressed higher in severely degenerated group, indicating
increased activation of tRAS that may correlate with IDD.

We further confirmed the expression changes of tRAS
components in the human NP tissue at the molecular level.
Based on Pfirrmann grades on T2-weighed MRI, the human
intervertebral disc tissue was divided into three groups: grade
II, grade III, and grade IV, respectively (n = 3). As shown in
Figure 1, the ratio of TUNEL-positive nucleus pulposus
increased with Pfirrmann grades (Figures 1(e) and 1(f)). In

addition, the expression of ACE was also elevated with the
increased degree of degeneration of disc (Figures 1(g) and
1(h)). Further, western blot analysis of the NP tissue of disc
confirmed the increased tRAS components (AT1 and ACE)
in degenerated disc (Figures 1(i) and 1(j)). These results
above suggested the activation of tRAS in the human degen-
erated intervertebral disc tissue.

3.2. Inflammatory Cytokines Could Promote the Activation of
RAS in Human Nucleus Pulposus Cells In Vitro. To further
investigate the expression changes of tRAS components in
nucleus pulposus, we stimulated human nucleus pulposus
with inflammatory cytokines (TNF α and IL-1β) in vitro,
respectively. Firstly, human nucleus pulposus cells treated
by either TNF α or IL-1β secreted higher level of Ang II in
supernatant (Figures 2(a) and 2(b) both p < 0:05). In addi-
tion, the results of western blot suggested that inflammatory
cytokines could dose-dependently activate the expression of
AT1 and ACE in NP cells (Figures 2(c) and 2(d)). RT-
qPCR analysis also showed that inflammatory cytokines pro-
moted the activation of tRAS in nucleus pulposus in a time-
dependent manner, especially at 12-24 h following inflamma-
tory stimulation (Figures 2(e) and 2(f)).

3.3. Angiotensin II Triggered Human NP Cell Senescence in a
Dose-Dependent Manner. As shown in Figure 3, Ang II could
decrease the cell viability of NP cells in a dose-dependent
manner, with the IC50 being 17.63μM (Figures 3(a) and
3(b)). SA-β-gal has been proposed as a marker of cell
senescence [22]. After treated by Ang II (0, 0.1, and 1μM)
for 24h, the staining for SA-β-gal in human nucleus pulpo-
sus was significantly enhanced with increased concentrations
(Figures 3(c) and 3(d)). In addition, before the occurrence
of cell senescence, DNA damage will be firstly triggered,
which has considered as presenescence responses to stress.
Excessive accumulation of phosphorylated histone H2AX
(γH2AX) at the injured sites is the typical characteristic
of DNA damage [23]. The immunofluorescence analysis
demonstrated that Ang II increased the amount of γH2AX
distribution at nuclear DNA (Figures 3(e), 3(f), and 3(d)).
Consistent with the results above, Ang II also increased the
expression of proaging protein, p53, and decreased the

p53 53 kDa

GAPDH 37 kDa

1010.10

Klotho 62 kDa

Ang II 𝜇M

(g)

Figure 3: Angiotensin II triggered human NP cells senescence in a dose-dependent manner. (a) The SA-β-gal staining of human NP cells
induced by Ang II (n = 3). (b) Quantitative results of SA-β-gal-positive NP cells in different groups (n = 3). (c) Immunofluorescence
results for the expression of γH2AX in human NP cells treated by Ang II (n = 3). Scale bar = 20μm. (d) The expression of γH2AX was
quantified as averaged fluorescent voxels/cell (n = 3). (e) The protein expression of senescence-related markers, p53, and Klotho in human
NP cells induced by Ang II (n = 3). p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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expression of antiaging protein, Klotho (Figure 3(g)). Taken
together, Ang II could promote human NP cells senescence
in vitro.

3.4. Angiotensin II Decreased Cell Viability and Induced
Apoptosis in Human NP Cells. To further examine the biolog-
ical effects of Ang II on human NP cells, we evaluated the
change of NP cell viability after being exposed to Ang II.
The TUNEL assay suggested the proapoptotic effect of Ang
II on NP cells (Figures 4(a) and 4(b)). Mitochondrion plays
a critical role in regulating cell apoptosis [24]. Therefore, we
further evaluate the changes of mitochondrial membrane
potential (MMP) and found that Ang II could also decrease
MMP in a dose-dependent manner (Figures 4(c) and 4(d)).
Proapoptosis markers, cleaved-caspase 3 and Bax, and anti-
apoptosis marker, Bcl-2, have been the vital components
that are involve in the mitochondria-related pathway [25].
Our western blot results revealed that Ang II increased
the expression of cleaved-caspase 3 and Bax and sup-
pressed the expression of Bcl-2 (Figures 4(e) and 4(f)).
The results above confirmed the suppressive effect of Ang
II on cell viability and the promotive effects of Ang II on
cell apoptosis.

3.5. Angiotensin II Induced Degeneration and Fibrosis
Phenotype in Human NP Cells In Vitro. Decreased ECM
(type II collagen and aggrecan) and elevated MMPs and type
I collagen have been the typical features during IDD [7].
Therefore, in this present study, we evaluated the changes
of these features. As shown by immunofluorescence analysis,
human NP cells stimulated with Ang II expressed higher
MMP 3 and lower aggrecan (Figures 5(a) and 5(b)). During
the process of IDD, the gel-like NP tissue will possess fibrosis
phenotype, with type II collagen being replaced by type I col-
lagen [3, 7]. In addition, Ang II could promote tissue fibrosis
[26, 27]. Thus, the expression of type I collagen was also eval-
uated, and the results suggested that Ang II significantly
increased the expression of type I collagen (Figures 5(c) and

5(d)). Furthermore, consistent with the results of immuno-
fluorescence analysis, western blot also confirmed that Ang
II promoted degeneration and fibrosis phenotype in human
NP cells in vitro (Figures 5(e) and 5(f)).

3.6. Angiotensin II Increased the ROS Level in Human NP
Cells In Vitro. ROS level frequently indicates intracellular
oxidative conditions. Previous studies have revealed that
Ang II could induce the release of reactive oxygen species
(ROS) in cardiovascular diseases [28]. During IDD, excessive
production of intracellular ROS will accelerate NP cell dam-
age and inflammatory response [2]. As a result, we examined
the effect of Ang II on human NP cells and found that Ang II
dose-dependently enhanced the intracellular ROS level
(Figures 6(a) and 6(b)). As molecular level, western blot dem-
onstrated the decreased antioxidative stress-related proteins
(Nrf2, HO-1, and SOD1) and increased prooxidative stress-
related protein, NOX 2, induced by Ang II (Figures 6(c)
and 6(d)).

3.7. Angiotensin II Promoted the Activation of NLRP3
Inflammasome in Human NP Cells In Vitro. The NLR pyrin
domain-containing 3 (NLRP3) inflammasome is the crucial
source of inflammation-related cytokines, such as IL-1β
and IL-18 [29]. Notably, NLRP3 inflammasome has been
indicated to involve in IDD recently [30, 31]. Therefore, we
evaluated the activated effect of Ang II on NLRP3 inflamma-
some. As shown in the results, the ratio of NLRP3
inflammasome-positive NP cells was significantly increased
by Ang II (Figure 7(a)). ELISA results revealed that Ang II
also enhanced the secretion level of inflammatory cytokines,
including Il-18, IL-1β, and NO (Figure 7(b)). The upregu-
lated expressions of NLRP3 inflammasome-related proteins
(ASC and IL-18) and inflammation-related proteins (iNOS
and COX2) also confirmed the promotive effect of Ang II
on the activation of NLRP3 inflammasome in human NP
cells in vitro (Figures 7(c) and 7(d)). In addition, macro-
phage has also participated in IDD, with M1 macrophage
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Figure 4: Angiotensin II decreased cell viability and induced apoptosis in human NP cells. (a) The effects of Ang II with different
concentrations on human NP cells (n = 5). (b) The IC50 curve of Ang II for human NP cells. (c) Apoptotic human NP cells were
presented using the TUNEL assay (n = 3). Scale bar = 50 μm. (d) TUNEL-positive cells were quantified (n = 3). (e) The effect of Ang II on
the mitochondrial membrane potential of NP cells was detected by JC-1 staining (n = 3). (f) The ratio of JC-1 aggregates (red) to
monomers (green) was quantified (n = 3). Scale bar = 50μm. (g) The expression of apoptosis-related proteins was analyzed by western blot
(n = 3). (h) The expression of apoptosis-related proteins was quantified (n = 3). p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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increasing in the degenerated disc tissue [32]. We also eval-
uated the effect of Ang II on macrophage polarization and
found that Ang II could increase the expression of M1
markers, iNOS, IL-1β, and TNF α and decrease the expres-
sion of M2 markers, CD 206, and YM1/2 (Supplementary
Figure 2, A, B, and C). Collectively, we deduced that Ang II
promoted the inflammatory reaction possibly via activating
NLRP3 inflammasome and recruiting M1 macrophage in
human NP cells.

3.8. Local Activated tRAS Existed in SHR Nucleus Pulposus
Tissue In Vivo. Spontaneously hypertensive rats (SHR) is
characterized by systematic activation of RAS, which has
been widely used in RAS-related research [33]. To further
confirm the biological effects of tRAS on IDD, we introduced
SHR, with Wistar-Kyoto (WKY) rats being the control
group. Firstly, we evaluated the change of blood pressure of
SHR and WKY rats and found relatively higher SBP and
DBP in SHR than those in WKY rats since the age of 3M
(p < 0:05) (Figures 7(a) and 7(b)). Then, we explored the
local expression of tRAS components in the disc tissue. As
indicated by western blot, HR with age of 6 and 12 months

showed higher expression of ACE and AT1 in the rat nucleus
pulposus tissue compared to WKY rats (Figures 8(c) and
8(d)). Immunofluorescence analysis results also confirmed
the higher local expression of AGT in SHR (12 months) NP
cells than that inWKY rats, consistent with the results of pro-
teomic analysis (Figures 8(e) and 8(f)). Collectively, system-
atic activation of RAS promoted the local activation of
tRAS in SHR NP tissue in vivo. Interestingly, only the NP tis-
sue was found positive cell that expressed ACE (Figure 7(a)).
Collectively, SHR showed excessively activated tRAS in the
intervertebral disc tissue, especially in the NP tissue.

3.9. Local Activated ACE/Ang II Accelerated Intervertebral
Disc Degeneration in the Aging SHR Model. SHR and WKY
rats with the age of 6 months and 12 months were used to
evaluate the effect of local activated tRAS on IDD. As shown
in Figure 9, SO-FG staining revealed that the NP tissue of
SHR showed decreased proteoglycan content at both the
age of 6 and 12 months (Figure 9(a)). Notably, at 12 months,
the NP-AF boundary became not clear in SHR, with less NP
tissue, compared to that inWKY rats (Figure 9(a)). Immuno-
fluorescence analysis revealed that compared to WKY rats,
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Figure 5: Angiotensin II induced degeneration and fibrosis phenotype in human NP cells in vitro. (a) Immunofluorescence results for the
expression of aggrecan and MMP3 in human NP cells induced by Ang II. Scale bar = 50 μm. (b) The relative expression of aggrecan and
MMP3 was quantified (n = 3). (c) Immunofluorescence results for the expression of fibrosis-related proteins, collagen types I and II, in
human NP cells induced by Ang II. Scale bar = 50 μm. (d) Quantitative results for collagen types I and II were presented as graph (n = 3).
(e, f) Western blot for the expression of IDD-related proteins in the human NP tissue (n = 3). p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p <
0:0001.
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there was higher expression of MMP 3 and lower expression
of collagen type II in SHR (Figure 9(b)). The TUNEL assay of
THE disc tissue also suggested higher ratio of positive cells
(Figures 9(c) and 9(d), p < 0:05). Nuclear tor erythroid 2-
related factor-2 (Nrf2)/NF-κB signal cascade has been the
critical pathway in IDD [2]. Therefore, we further examined
the expression of these two proteins and found that at 12
months, SHR expressed higher protein level of p65 and lower
protein level of Nrf2, compared to those in WKY rats
(Figures 9(e) and 9(f), p < 0:05). Taken together, local acti-
vated ACE/Ang II could accelerate IDD in aging SHR, and
Nrf2/NF-κB signal cascade could be involved.

4. Discussion

IDD is an chronic inflammation process, with plentiful acti-
vated inflammation-related cytokines (COX-2, iNOS, IL-1β,
TNF-α) and ECM degradation-related enzymes (MMP3/13,
ADAMTS4/5/7) being excessively expressed [35]. Thus,
strategies targeting at attenuating the inflammation response
in IVDmay prevent or postpone the onset of IDD. In the past
few decades, increasing evidence has suggested that RAS
shows its biological effects not just limited in the cardiovas-
cular system. Various local tissue RAS (tRAS) have been
identified in multiple tissues, including the brain, spinal cord,
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Figure 6: Angiotensin II increased the ROS level in human NP cells in vitro. (a) The level of intracellular ROS in human NP cells induced by
Ang II. Scale bar = 50μm. (b) The relative amount of intracellular ROS was quantified (n = 3). (c) Oxidative stress-related proteins were
presented by western blot (n = 3). (d) The results of western blot were quantified as graphs (n = 3). p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001,
∗∗∗∗p < 0:0001.
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skin, kidney, heart, and bone, participating in inflammation,
senescence, apoptosis, and fibrogenesis [16, 26, 36, 37]. In
recent years, tRAS has also been established in both bovine
and human intervertebral disc tissue, especially in the degen-
erated disc tissue [17, 18]. However, the exact of tRAS and
IDD remains unknown.

In this present study, proteomic analysis, molecular biol-
ogy analysis, and animal model were used, and the results
revealed that (1) tRAS was activated in the human degener-
ated intervertebral disc tissue. (2) Ang II could decrease the
cell viability of human NP cells, promote NP cell apoptosis,
senescence, oxidative stress, and NLRP3 activation, and
recruit M1 macrophage in human NP cells. (3) Ang II could
trigger degeneration and fibrosis phenotype in human NP
cells. (4) Local activated ACE/Ang II could accelerate IDD
in aging SHR.

Cell senescence and apoptosis are two kinds of normal
biological response to exogenous or endogenous stress and
damage [38]. Human intervertebral disc tissue is the largest
avascular tissue in the body, with high susceptibility to ische-
mia, hypoxia, and nutrient deprivation, and all these factors
will trigger NP cell senescence and apoptosis [39]. NP cells
have been the major cells that maintain the normal function
of disc. Therefore, NP tissue and cells were used in this pres-
ent study. We firstly evaluated the correlation between Ang II
and IDD using the human intervertebral disc tissue. The

results found increased apoptotic rate of NP cells and expres-
sion of MMP13, as well as increased expression of tRAS com-
ponents, such as ACE and AT1. The consistent changes
above suggested a potentially close correlation between tRAS
and IDD. In vitro experiment also confirmed the positive
correlation between activated tRAS and IDD. SA-β-gal and
p53 are the two typical senescence-related markers [40].
We found that Ang II increased the expression of SA-β-gal
and p53 in human NP cells, as well as increased the amount
of γH2AX distribution over nuclear DNA. Klotho is a newly
discovered antiaging gene, and deficiency in Klotho can
result in senescence-like phenotypes [41]. Previous study also
suggested an antagonistic relationship between Klotho and
Ang II [37]. Therefore, we examined the expression of Klotho
and found decreased expression of Klotho in Ang II-induced
human NP cells. In addition, Ang II also caused increased
ratio of apoptotic cells and decreased MMP in human NP
cells. Taken together, local activated tRAS in the human disc
tissue could trigger senescence and apoptosis to accelerate
IDD.

Another major characteristic of IDD is excessive accu-
mulation of MMPs and decreasing expression of aggrecan
and type II collagen. In general, aggrecan and type II collagen
have been the primary components in the intervertebral disc
tissue, which are responsible for maintaining its high-water
content feature. However, the abnormal expression of
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Figure 7: Angiotensin II promoted the activation of NLRP3 inflammasome in human NP cells in vitro. (a) Immunofluorescence results for
the expression of NLRP3 in human NP cells induced by Ang II, n = 3. Scale bar = 50μm. (b) Ang II promoted the secretion of inflammation-
related cytokines in human NP cells (n = 3). (c) The effects of Ang II on the expression of NLRP3 inflammasome-related proteins and
inflammatory mediators in human NP cells (n = 3). (d) The results of western blot were quantified as graphs (n = 3). p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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Figure 8: Continued.
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MMP3/13 will result in an imbalance between anabolism and
catabolism of ECM and eventually the loss of intervertebral
height [42]. In this present study, we also examined the
effects of Ang II onMMPs and ECM. As shown in the results,
Ang II increased the expression of MMP3/13 and decreased
the expression of aggrecan and collagen type II. In addition,
during IDD, the type II collagen will be gradually replaced
by type I collagen [3, 7]. In fact, increasing studies have
reported that Ang II induces tissue fibrosis [27, 43]. We also
found that Ang II caused the increased expression of type I
collagen in NP cells. The results above suggested that Ang
II could induce degeneration and fibrosis phenotype in
human NP cells in vitro.

Oxidative stress and inflammation reaction have been the
major causes to IDD. Excessive production of inflammatory
cytokines and ROS will trigger or aggravate cell senescence,
apoptosis, and ECM degradation to accelerate IDD [30]. In
fact, the two biological progresses frequently cooccurred.
Proinflammatory cytokines, such as IL-1β, could enhance
the level of intracellular ROS [44, 45]. Likely, high-level
ROS also could increase the release of inflammatory fac-
tors [46]. Firstly, we found that Ang II dose-dependently
enhanced intracellular ROS, as well as decreased the expres-
sion of Nrf2, HO-1, and SOD1. NLRP3, as one of the most
studied inflammasomes, has been recently reported to partic-
ipate in the inflammatory responses during IDD [47, 48]. In
this present study, we found that Ang II activated the NLRP3
pathway, followed by increased production of proinflamma-

tory cytokines. In addition, the expression of inflammatory
mediators, COX-2 and iNOS, were also enhanced. In addi-
tion, we also found that Ang II could induce macrophage
M1 polarization. Previous studies have suggested that M1
macrophages could promote degenerative phenotypes in rat
NP cells [49]. Furthermore, the mitochondrial pathway could
implicate in the activation of NLRP3, and the generation of
ROS and NLRP3 activation would be suppressed when mito-
chondrial activity was inhibited [50]. Therefore, combined
the results above that Ang II could decrease MMP of mito-
chondrion, we deduced that Ang II could induce macrophage
infiltration, inflammatory response, and oxidative stress and
lead to mitochondrial dysfunction and NP cell injury. Dam-
aged mitochondrion would further generate ROS. Subse-
quently, overproduction of ROS would trigger the activation
of NLRP3 and the release of inflammatory cytokines. Thus, a
vicious feedback among Ang II, mitochondrion, and NLRP3
will be established, accelerating NP cell injury. Agents target-
ing at these three points may facilitate to further treatment
of IDD.

To further confirm the biological effects of tRAS on IDD,
we introduced spontaneously hypertensive rats (SHR) which
is characterized by systematic activation of RAS, with WKY
rats as the control group [33, 34]. Firstly, we provided the evi-
dence that local overactivated tRAS existed in the SHR NP
tissue, but not in the AF tissue. Then, we found that aging
SHR showed decreased proteoglycan content and reduced
NP tissue compared to WKY rats. In addition, compared to
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Figure 8: Systematic activation of RAS promoted the local expression of ACE in SHR nucleus pulposus tissue in vivo.(a, b) The blood
pressure was measured with a noninvasive Tail-Cuff System Western (ALC-NIBP, Shanghai Alcott Biotech) at 3M, 6M, and 12M,
respectively, according to previous study [34]. (c) Western blot results for the expression of ACE and AT1 in the rat NP tissue at the age
of 6 and 12 months, respectively (n = 3). (d) The results of western blot were quantified (n = 3). (e) Immunofluorescence results for the
expression of AGT in the rat NP tissue at the age of 12 months (n = 3). (f) The results of immunofluorescence were quantified (n = 3).
SBP: systolic blood pressure; DBP: diastolic blood pressure. p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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WKY rats, there were higher ratio of apoptotic cells, higher
expression of MMP3, and lower expression of collagen I
in the SHR NP tissue. The results were consistent with
the results of in vitro experiments above, which suggested
that SHR had higher susceptibility to IDD. Therefore, a
potential correlation between hypertension and IDD may
exist, which is consistent with previous clinical studies that
hypertension was a risk factor to low back pain [9, 51]. In
addition, treatment with RAS inhibitors has been shown
anti-inflammatory effects in arthritis, a similar disease to
IDD [52]. Therefore, tRAS may be a novel therapeutic target
for IDD. In addition, we found that SHR at 12 months
expressed higher protein level of p65 and lower protein level
of Nrf2, which have been reported to correlate with oxidative
stress and inflammation during IDD [2]. Taken together,
local activated ACE/Ang II could accelerate IDD in aging
SHR, and Nrf2/NF-κB signal cascade could be involved.
However, the further exact mechanism between tRAS and
IDD remains to be identified.

Several limitations must be acknowledged. Firstly, the
clinical sample size in this present study was still limited.
However, to minimize the potential influence factors, we
confirmed the correlation between tRAS and IDD from
perspectives of proteomic analysis, western blot, and
immunohistochemistry analysis. In addition, human NP
cells induced by IL-1β and TNFα also showed consistent
results. Therefore, we could conclude that the activated
tRAS exists in the human degenerated intervertebral disc
tissue. Secondly, SHR has been reported to show overacti-
vated systematic RAS. Although we have also confirmed
the existence of activated tRAS in the SHR NP tissue, it
will be better to examine the relationship between Ang II
and IDD using animal models that specifically highly
expressed Ang II gene. Thirdly, therapeutic experiments
against the ACE/Ang II axis were not shown in this pres-
ent study. In fact, we are now performing related experi-
ments, and further outcomes will be presented in this
journal if possible.
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Figure 9: Local activated ACE/Ang II accelerated intervertebral disc degeneration in the aging SHR model. (a) SO-FG staining of
intervertebral disc in the rat NP tissue at the age of 6 and 12 months, respectively (n = 3). (b) Immunofluorescence results for the
expression of MMP3 and collagen II in the rat NP tissue at the age of 12 months (n = 3). (c, d) TUNEL staining and quantified results for
apoptotic NP cells in the rat NP tissue at the age of 12 months, respectively (n = 3). (e, f) Immunofluorescence results for the expression
of Nrf2 and p65 in the rat NP tissue at the age of 12 months (n = 3). p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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5. Conclusion

Degenerated intervertebral disc tissue showed excessively
activated tRAS. Local activation of tRAS could induce NP cell
senescence, apoptosis, oxidative stress, and inflammatory
reaction to cause degeneration and fibrosis phenotype in
human NP cells. These biological effects of Ang II on NP cells
may be achieved via Nrf2/p65/NLRP3 pathway. The results
will provide new information for future investigation of
hypertension and IDD.
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Previous studies have established the pathogenic role of advanced glycation end products (AGEs) accumulation in intervertebral
disc degeneration (IDD). Emerging evidence indicates that ER-phagy serves as a crucial cellular adaptive mechanism during
stress conditions. This study is aimed at investigating the role of FAM134B-mediated ER-phagy in human nucleus pulposus
(NP) cells upon AGEs treatment and exploring its regulatory mechanisms. We observed that AGEs treatment resulted in
significantly increased apoptosis, senescence, and ROS accumulation in human NP cells; meanwhile, the enhanced apoptosis
and senescence by AGEs treatment could be partially alleviated with the classic ROS scavenger NAC administration.
Furthermore, we confirmed that FAM134B-mediated ER-phagy was activated under AGEs stimulation via ROS pathway.
Importantly, it was also found that FAM134B overexpression could efficiently relieve intracellular ROS accumulation, apoptosis,
and senescence upon AGEs treatment; conversely, FAM134B knockdown markedly resulted in opposite effects. In conclusion,
our data demonstrate that FAM134B-mediated ER-phagy plays a vital role in AGEs-induced apoptosis and senescence through
modulating cellular ROS accumulation, and targeting FAM134B-mediated ER-phagy could be a promising therapeutic strategy
for IDD treatment.

1. Introduction

Intervertebral disc degeneration (IDD) and secondary spine
pathological changes such as spinal instability, spinal steno-
sis, and disc herniation are considered as the leading causes
of low back pain, resulting in a substantial burden on the
global health care system [1]. Multiple factors have been ver-
ified to be associated with the pathogenesis of IDD, including
genetic factors, mechanical overloading, nutrition loss, and
inflammatory mediators [2–5]. Our previous studies have
shown that advanced glycation end products (AGEs) could
accumulate in the intervertebral disc with aging and drive

the apoptosis of nucleus pulposus (NP) cells and impede its
metabolism balance via endoplasmic reticulum (ER) and
mitochondria pathway [6–8]. However, the underlying
mechanisms are still not fully elucidated.

NP cells are identified as the main cell type resident in the
NP tissue, responsible for the synthesis and secretion of the
extracellular matrix and maintaining its metabolic balance.
The maintenance of an adequate number of functionally
active NP cells is a prerequisite for the intervertebral disc to
execute its normal physiological activities. It is widely recog-
nized that the degenerated disc is characterized by a
decreased number of NP cells and reduced function of resid-
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ual NP cells [9]. The accumulation of AGEs in the NP during
aging process could significantly damage the normal physio-
logical functionalities of intracellular organelles like mito-
chondria and ER through reactive oxygen species (ROS)
generation and calcium mobilization pathway and conse-
quently lead to decreased function or death of NP cells [7,
8]. Although intracellular ROS dyshomeostasis under stress
conditions has been well implicated in the pathogenesis of
autophagy, senescence, and apoptosis of NP cells, the poten-
tial regulatory mechanisms are still not fully explained.

The ER is the central intracellular organelle that respon-
sible for protein synthesis, maturation, and quality control.
The protein-folding ability of ER is vulnerably susceptible
to genetic and environmental stress, leading to accumulation
of unfolded/misfolded proteins in the ER lumen, namely, ER
stress, and sustained ER stress can initiate cellular self-
destruction procedures [10, 11]. ER-phagy or reticulophagy
is a special type of selective autophagy, whereby parts of the
ER fragments are engulfed by autophagosomes through spe-
cific receptors and then delivered to lysosomal degradation,
which in turn attempts to restore cellular energy levels and
ER homeostasis [12]. Currently, multiple ER-phagy receptors
have been identified in mammals, including FAM134B
(RETREG1, reticulophagy regulator 1), RTN3L (reticulon 3
long isoform), SEC62 (SEC62 homolog), CCPG1 (cell-cycle
progression gene 1), ATL3 (atlastin 3), and TEX264 (testis-
expressed 264), the LIR (LC3-interacting region) domains
of which directly recruit phagophores to facilitate ER-phagy
[13–18]. FAM134B is the first identified ER-phagy receptor
that involves in ER fragments and ER-resident protein clear-
ance in mammalian cells; moreover, dysfunction of
FAM134B has been reported to be involved in many diseases,
including neuropathy, viral infection, osteoarthritis, and can-
cer [19–22]. Nevertheless, the role and mechanism of
FAM134B and related ER-phagy in the initiation and prog-
ress of IDD has not been explored yet.

The purpose of our study was attempted to elucidate the
relationship between FAM134B-mediated ER-phagy and
apoptosis and senescence under AGEs stimulation. Our stud-
ies revealed that AGEs treatment could increase apoptosis,
senescence, and FAM134B-mediated ER-phagy through
ROS pathway in human NP cells; genetical knockdown and
overexpression of FAM134B could increase and reduce cellu-
lar ROS generation, apoptosis, and senescence, respectively.
Therefore, our findings provide a novel mechanistic insight
into the pathogenesis of IDD.

2. Materials and Methods

2.1. Ethics Statement. Experimental ethics approval for the
study was obtained from the Ethics Committee of Tongji
Medical College, Huazhong University of Science and Tech-
nology (No. S341). Written informed consent was obtained
from every donor participated in this study.

2.2. Cell Culture and Treatment. The primary human NP
cells were isolated from relative undegenerated (Pfirrmann
I or II) NP tissues that donated by 3 adolescent idiopathic
scoliosis patients (2 males and 1 female, aged 16, 14, and 20

years old, respectively) undergoing spinal deformity correc-
tion surgery. The degenerated degree of the corresponding
segment was determined by preoperative magnetic reso-
nance imaging according to Pfirrmann classification [23].
Briefly, the freshly harvested human NP tissues were rinsed
three times with phosphate buffer saline (PBS, Gibco, Grand
Island, NY, USA), minced into 2-3mm3 fragments, and
enzymatically digested at 37°C for 8 h in Dulbecco’s modified
Eagle medium (DMEM/F12, Gibco) supplemented with
0.25mg/mL type II collagenase (Invitrogen, Carlsbad, CA,
USA). Then, the suspension was centrifuged, washed with
PBS, and resuspended in DMEM/F12 with 15% fetal bovine
serum (FBS; Gibco) and 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C in 5% CO2.
The NP cell type was confirmed using fluorescently labeled
antibody for NP cell markers as described previously [7]. Pas-
sage 2 and 3 NP cells were used in subsequent experiments.

In in vitro experiments, NP cells were treated with
200μg/mL AGEs (Abcam, Cambridge, UK) for 0, 6, 12, 24,
and 36 h or directly cocultured with AGEs in combination
with ROS inhibitor N-acetyl-L-cysteine (NAC, 10μM, Beyo-
time, Shanghai, China) for 36 h.

2.3. Western Blot Assay. After indicated intervention, cells
were harvested using the corresponding protein extraction
kit (Beyotime) to lyse and extract protein samples. Proteins
were separated through 8-12% sodium dodecyl sulfate-
(SDS-) polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride (PVDF) membranes (Merck
Millipore, Darmstadt, Germany). Next, after blocking with
5% nonfat milk at 25°C for 1 h, the membranes were incu-
bated first with specific primary antibodies (1 : 500-1000)
overnight at 4°C and then with the appropriate horseradish
peroxidase- (HRP-) labeled secondary antibodies (1 : 2000;
Proteintech). Then, membrane bands were visualized by the
enhanced chemiluminescence system (Bio-Rad) and quanti-
fied with the ImageJ software. Primary antibodies against
these molecules were used: p53 (10442-1-AP, Proteintech),
p16 (ab151303, Abcam), cleaved caspase 3 (AF7021, Affinity
Biosciences,), β-actin (66009-1-Ig, Proteintech), FAM134B
(21537-1-AP, Proteintech), LC3 (14600-1-AP, Proteintech),
and p62 (18420-1-AP, Proteintech).

2.4. Cell Proliferation Assay. Cell viability was illustrated
using 5-ethynyl-2′-deoxyuridine (EdU) incorporation
(C10310-3; Ribobio, Guangzhou, China) according to the
manufacturer’s instructions. Fluorescence images were cap-
tured using a fluorescence microscope (Olympus, BX53, Mel-
ville, NY, USA).

2.5. Cell Apoptosis Detection. Annexin V-FITC/PI Apoptosis
Detection Kit (KeyGEN, Nanjing, China) was used to evalu-
ate apoptosis as described previously [24]. Briefly, after wash-
ing with PBS, the cells were labeled with Annexin V–FITC
(annexin V) and propidium iodide (PI). After double stain-
ing, apoptotic cells were detected via a flow cytometer (BD
Biosciences, San Jose, CA, USA). Annexin V+/PI− (early
apoptotic) cells and annexin V+/PI+ (late apoptotic) cells
were counted.
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Figure 1: Continued.
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Figure 1: AGEs treatment promoted senescence and apoptosis in human NP cells. The human NP cells were exposed to 200 μg/mL AGEs for
different times (0, 6, 12, 24, and 36 h), and 0 h group served as the control. (a–d) Apoptosis and senescence-associated proteins p16, p53, and
cleaved caspase 3 were measured using western blot assay, and relative band density was quantified. (e, f) Cell viability was determined using
EdU staining combined with DAPI staining for the nuclei, and the positive cell ratio was quantitated, scale bar: 100μm. (g, h) Representative
dot plot images of flow cytometry analysis after labeled with Annexin V-FITC/PI double staining, both early and late apoptosis cells, were
quantified. (i, j) Cell senescence was assessed by SA-β-gal staining; representative SA-β-gal staining images and positive cell ratio were
illustrated, scale bar: 50 μm. Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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Figure 2: Continued.

5Oxidative Medicine and Cellular Longevity



Control AGEs NAC AGEs+NAC

FL1-A FITC

Co
un

t

102

0

104

100

200

300

400

106 108 102

0

104

100

200

300

400

106 108 102

0

104

100

200

300

400

106 108 102

0

104

100

200

300

400

500

106 108

(e)

Re
la

tiv
e R

O
S 

le
ve

l (
fo

ld
 o

f c
on

tr
ol

)

0

Co
nt

ro
l

A
G

Es

N
A

C

A
G

Es
+N

A
C

1

2

3

4

5

⁎⁎
⁎⁎

(f)

𝛽‑Actin

caspase 3
Cleaved

p16

p53 53 kD

16 kD

17 kD

42 kD
Co

nt
ro

l

A
G

Es

N
A

C

A
G

Es
+N

A
C

(g)

0

2

4

6

8

Re
la

tiv
e p

53
/𝛽
‑a

ct
in

 ra
tio

 (f
ol

d 
of

 co
nt

ro
l)

⁎⁎
⁎⁎

Co
nt

ro
l

A
G

Es

N
A

C

A
G

Es
+N

A
C

(h)

Re
la

tiv
e p

16
/𝛽
‑a

ct
in

 ra
tio

 (f
ol

d 
of

 co
nt

ro
l)

0.0

1.5

3.0

4.5

6.0
⁎⁎

⁎⁎

Co
nt

ro
l

A
G

Es

N
A

C

A
G

Es
+N

A
C

(i)

Figure 2: Continued.
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Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay was also performed to
assess apoptosis. Briefly, after the indicated treatment, cells
were washed with PBS and processed with 4% paraformalde-
hyde for 20min at 25°C, permeabilized with PBS-0.5% Triton
X-100 for 10min. Then, an in situ cell death detection kit
(12156792910; Roche Applied Science, Basel, Switzerland)

was used for staining following the manufacturer’s protocol.
Fluorescence images were acquired through a fluorescence
microscope (Olympus).

2.6. SA-β-gal Staining. SA-β-gal assay was performed to
detect cell senescence. A SA-β-gal staining kit (Beyotime)
was used to assess SA-β-gal activity according to the
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Figure 2: Intracellular ROS accumulation was involved in AGEs-induced senescence and apoptosis. The human NP cells were exposed to
200μg/mL AGEs for different times (0, 6, 12, 24, and 36 h) or directly cocultured with 200 μg/mL AGEs and ROS inhibitor 10 μM NAC
for 36 h. (a, b) The intracellular ROS levels were detected using the fluorescent probe DCFH-DA and measured by flow cytometry. (c, d)
After labeled with DCFH-DA fluorescent probe, representative fluorescent images were acquired under a fluorescence microscope, scale
bar: 100 μm. (g–j) Representative western blot bands of p16, p53, and cleaved caspase 3 and relative band density were quantified. (k, l)
Representative images of immunofluorescence staining for p16 and cleaved caspase-3 in each group, with the relative fluorescence
intensity quantified, scale bar: 50 μm. Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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Figure 3: AGEs treatment upregulated FAM134B-mediated ER-phagy in human NP cells. (a–d) The human NP cells were exposed to
200μg/mL AGEs for different times (0, 6, 12, 24, and 36 h); ER-phagy-associated protein levels of FAM134B, LC3, and p62 were detected
by western blot assay, and relative band density was quantified. (e, f) After treated with 200μg/mL AGEs for 36 h, relative protein
expression of FAM134B and LC3 were assessed using immunofluorescence staining; representative images and relative intensity
quantification were illustrated, scale bar: 50 μm. (g) ER and lysosome colocalization profile was detected by ER-tracker and Lyso-tracker
staining. (h, i) Transmission electron microscopy results for ER positive autophagosomes/autolysosomes (as indicated by black arrow),
scale bar: 1μm and 500 nm. Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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Figure 4: Continued.
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manufacturer’s instructions. A microscope was used to
observe the cells, of which blue-colored cells were counted
as SA-β-Gal-positive cells. SA-β-Gal activity was represented
by the percentage of the number of blue cells and the total
number of cells.

2.7. ROS Measurement. A ROS detection kit (Beyotime) was
used to detect the intracellular ROS level according to
instructions. Briefly, after indicated treatment, cells were
incubated with 10μMDCFH-DA (2,7-dichlorodihydrofluor-
escein diacetate dye) in culture media for 30min. Then, cells
were washed with PBS, trypsinized, resuspended in PBS sup-
plemented with FBS, and analyzed for intracellular ROS pro-
duction by flow cytometry or directly observe fluorescence
signal using a fluorescence microscope (Olympus).

2.8. Lentivirus and siRNA Transfection. For lentivirus infec-
tion, the FAM134B overexpressing lentivirus was designed
and constructed by GeneChem (Shanghai, China) using
CV084 (Ubi-MCS-SV40-Neomycin) vector. The day before,
human NP cells were seeded in 6-well plates at a density of
2 × 105 cells/mL; Then, the cells were infected with lenti-
FAM134B or lentivector at a multiplicity of infection
(MOI) of 20; transfection efficacy was detected by western
blotting after cultured for 72 h. For siRNA-mediated knock-
down, control-siRNA and FAM134B-siRNA were purchased
from Qijing Biotechnology Co. (Wuhan, China); the corre-
sponding target sequence for RNA interference was 5′-
AGCTATCAAAGACCAGTTA. siRNAs were transfected
using lipofectamine 2000 (Invitrogen) following the manu-
facturer’s instructions. Cells knocked down for 48h were
followed by the indicated treatment.

2.9. Immunofluorescence. NP cells attached to slides were
fixed with 4% paraformaldehyde for 20min, washed three
times with PBS, permeabilized with 0.5% Triton X-100 for
15min, blocked with 2% bovine serum albumin (BSA) for
30min, and then incubated overnight at 4°C with primary
antibodies against p16 (1 : 100, Proteintech), cleaved caspase
3 (1 : 100, CST), FAM134B (1 : 100, Proteintech), and LC3
(1 : 100; Abconal, Wuhan, China). After washed three times
with TBST, cells were incubated with CoraLite488 or Cora-
Lite594 conjugated goat anti-rabbit/mouse IgG antibody
(1 : 100, Proteintech) for 1 h and labeled with diamidino-2-
phenylindole (DAPI; Beyotime) for 5min and then observed
images using a fluorescence microscope (Olympus).

2.10. ER-Tracker and Lyso-Tracker Staining. ER-tracker green
(40763ES20, Yisheng Biotech, Shanghai, China) and Lyso-
tracker red (40739ES50, Yisheng) dyes were used to identify
ER-phagy. Briefly, humanNP cells were mounted on glass cov-
erslips in a 6-well plate. After the treatment, cells were stained
with the recommended concentrations of ER-tracker, Lyso-
tracker, and Hoechst 33342 (Beyotime) for 30min at 37°C,
washed three times with PBS, and then observed the fluores-
cence using a fluorescence microscope (Olympus).

2.11. Transmission Electron Microscopy. TEM was used to
determine the status of ER positive autophagosome and
autolysosome formation. Briefly, after the indicated treat-
ment, NP cells were collected and fixed in a glutaraldehyde
and sodium cacodylate solution for 2 h and then fixed with
1% OsO4 for 1.5 h and then stained in 3% aqueous uranyl
acetate for 1 h. After washing, specimens were dehydrated
with graded ethanol series (50%, 70%, 80%, 90%, 95%,
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Figure 4: ROS inhibition partially attenuated AGEs-induced ER-phagy activation in human NP cells. The human NP cells were treated with
200μg/mL AGEs and 10 μM NAC for 36 h. (a–d) ER-phagy-associated protein levels of FAM134B, LC3, and p62 were detected by western
blot assay, and the relative band density was quantified. (e) Representative fluorescent images of FAM134B and LC3 were evaluated, and cell
nuclei were stained with DAPI. Scale bar: 50 μm. (f) ER and lysosome colocalization was labeled with ER-tracker and Lyso-tracker staining.
Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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Figure 5: Continued.
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100%), followed by infiltrating and embedding in epoxy resin
(SPI-Chem, #90529-77-4). Ultrathin sections were obtained
and stained with saturated uranyl acetate–lead citrate and
observed using a transmission electron microscope (Jeol,
Tokyo, Japan).

2.12. Statistical Analysis. All data were presented as the
mean ± standard deviation of at least three independent
experiments. Statistical analyses were performed using the

GraphPad Prism 8.0 software (La Jolla, CA, USA). Differ-
ences between groups were evaluated with Student’s t-test
or one-way ANOVAwith post hoc analysis using the Tukey’s
test. P < 0:05 was considered statistically significant.

3. Results

3.1. AGEs Treatment Promoted Apoptosis and Senescence in
Human NP Cells. To explore the impact of AGEs on the
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Figure 5: FAM134B-mediated ER-phagy regulated AGEs-induced intracellular ROS accumulation, apoptosis, and senescence in human NP
cells. After lentivirus and siRNA transfection were separately conducted for 72 and 48 h, the human NP cells were cultured with 200 μg/mL
AGEs for 36 h. (a–d) FAM134B overexpression and knockdown efficacy were verified by western blot assay. (e–g) The intracellular ROS levels
were probed using the fluorescent dye DCFH-DA and measured by flow cytometry. (h) Relative protein expression levels of the apoptotic and
senescent associated proteins p53, p16, and cleaved caspase3 were evaluated using western blot assay. (i) Cell apoptosis was assessed by
TUNEL staining; representative TUNEL immunofluorescent images and apoptotic ratio were quantitated, scale bar: 100μm. (j)
Representative SA-β-gal staining images and positive cell ratio were illustrated, scale bar: 50 μm. Data are represented as mean ± SD. ∗∗P
< 0:01, ∗P < 0:05.
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apoptosis and senescence of human NP cells in vitro, a group
of NP cells was exposed to AGEs (200μg/mL) for different
times (0, 6, 12, 24, and 36h). Firstly, apoptosis and
senescence-associated proteins p16, p53, and cleaved caspase
3 were determined using western blot assay, as shown in
Figures 1(a)–1(d); compared to the control group, the protein
expression of p16, p53, and cleaved caspase 3 in the AGEs-
treated groups were significantly increased, especially in 24
and 36h AGEs-treated groups. In addition, EdU staining
was also used to assess the cell proliferation ability, as shown
in Figures 1(e) and 1(f); the cell viability of human NP cells
significantly decreased after AGEs treatment in a time-
dependent manner. Moreover, we further employed Annexin
V-PI double staining to determine the proapoptotic effects of
AGEs on human NP cells, as shown in Figures 1(g) and
1(h); compared to the control group, a clearly higher apoptotic
ratio in the AGEs-treated groups was observed. Senescent cells
are often concomitant with larger size and higher SA-β-gal
enzyme activity, as shown in Figures 1(i) and 1(j); the quanti-
fication of SA-β-gal positive cells in the AGEs-treated groups
were robustly higher compared to that in the control group.
Thus, our results showed that AGEs treatment could markedly
promote apoptosis and senescence in human NP cells.

3.2. ROS Pathway Was Involved in AGEs-Induced Apoptosis
and Senescence in Human NP Cells. Intracellular ROS
homeostasis could rapidly change under stress circumstances
and function as important messengers involved in cell sur-
vival and death. To investigate the relationship between
ROS generation and AGEs, we exposed NP cells to AGEs
(200μg/mL) for different times (0, 6, 12, 24, and 36 h) and
detected ROS levels using DCFH-DA Assay Kit. As the flow
cytometry results shown in Figures 2(a) and 2(b), compared
to the control group, AGEs treatment aroused significant
time-dependent elevation of intracellular ROS levels and
which were consistent with the observation that the AGEs
treatment groups showed increased fluorescence intensity
compared to the untreated group (Figures 2(c) and 2(d)).
NAC is a classical ROS scavenger that reduced intracellular
ROS accumulation, as expected, relative to the NAC deficient
AGEs-treated group, the NAC existent AGEs-treated group
showed clearly lower ROS levels (Figures 2(e) and 2(f)).

To further validate that ROS was involved in AGEs-
induced apoptotic and senescent effects, NAC and AGEs were
coadministered to human NP cells. As western blot results
illustrated in Figures 2(g)–2(j), compared to the correspond-
ing AGEs-treated alone group, protein expression levels of
p53, p16, and cleaved caspase 3 were markedly declined in
the AGEs plus NAC cotreated group. Similarly, as immuno-
fluorescence results are shown in Figures 2(k) and 2(l). AGEs
treatment significantly elevated p16 and cleaved caspase 3
fluorescence intensity relative to that in the control group,
while these effects were markedly attenuated in the presence
of NAC. Above all, these results suggested that high intracellu-
lar ROS level elicited by AGEs was closely associated with the
apoptosis and senescence initiation.

3.3. FAM134B-Mediatd ER-phagy Was Activated under
AGEs Treatment in Human NP Cells. FAM134B-mediatd

ER-phagy activation is an important regulatory mechanism
to solve stress and maintain cellular homeostasis. To investi-
gate the effects of AGEs on FAM134B-related ER-phagy, we
exposed NP cells to AGEs (200μg/mL) for different times
(0, 6, 12, 24, and 36 h). FAM134B-related ER-phagy proteins
FAM134B, LC3, and p62 were detected by western blot assay,
as the results illustrated in Figures 3(a)–3(d); the protein
expression profiles of FAM134B and LC3 were robustly
upregulated in the AGEs-treated groups compared to that
in the control group, along with downregulated autophagy
substrate p62 protein levels, indicating the activation of ER-
phagy. Meanwhile, as the FAM134B and LC3 fluorescence
costaining results shown in Figures 3(e) and 3(f), both the
fluorescence intensities of FAM134B and LC3 were signifi-
cantly enhanced and combined with a higher extent of colo-
calization upon AGEs treatment. ER and lysosome could be
specifically labelled by ER-tracker and Lyso-tracker, respec-
tively; thus, colocalization with the fluorescent signals of
ER-tracker green and Lyso-tracker red could be an effective
method to determine the occurrence of ER-phagy. As shown
in Figure 3(g), compared with the control group, the AGEs-
treated group displayed an obvious ER clustering staining
pattern, which was partially colocalized with the accumula-
tion of lysosome staining. In addition, we also further moni-
tored the formation of autophagosomes/autolysosomes
containing ER fragments under TEM to confirm ER-phagy
activation, as shown in Figures 3(h) and 3(i), we observed
apparently increased number of autophagosomes/autolyso-
somes containing ER fragment formation in the AGEs-
treated group compared to that in the control group, thereby
confirming the occurrence of ER-phagy in human NP cells
under AGEs exposition.

3.4. ROS Inhibition Partially Attenuated ER-phagy in Human
NP Cells Subjected to AGEs Treatment. Since both intracellu-
lar ROS accumulation and ER-phagy activation upon AGEs
treatment were observed, to further test their intrinsic rela-
tionship, the ER-phagy activation level under AGEs treat-
ment was determined in the presence of NAC or not. As
shown in Figures 4(a)–4(d), the ER-phagy-related protein
expression levels were detected using western blot; compared
to the corresponding AGEs-treated alone group, the protein
expression levels of FAM134B and LC3 were markedly
declined in the AGEs plus NAC co-treated group, whereas
p62 protein level was slightly increased. Meanwhile, the
enhanced fluorescence intensity of FAM134B and LC3 upon
AGEs treatment were also significantly attenuated in the
presence of NAC administration (Figure 4(c)). In addition,
as shown in Figure 4(d), the elevated colocalization of ER
and lysosome patterns under AGEs treatment were markedly
decreased with NAC cotreatment. Therefore, our findings
demonstrated that intracellular ROS accumulation plays a
vital role in the process of FAM134B-mediated ER-phagy
activation.

3.5. Modulation of FAM134B-Mediated ER-phagy Could
Regulate Intracellular ROS Level, Apoptosis, and Senescence
in AGEs-Treated Human NP Cells. It is classically recognized
that FAM134B-meditated ER-phagy acts as an important
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quality control mechanism in maintaining cellular homeo-
stasis. We next investigated the influence of FAM134B-
mediated ER-phagy activation or inhibition on intracellular
ROS levels, apoptosis, and senescence by genetically upregu-
lating and downregulating the FAM134B expression. As the
western blot results demonstrated in Figures 5(a)–5(d), we
efficiently achieved FAM134B overexpression and knock-
down by lentiviral transduction and RNA interference,
respectively. Subsequently, to determine whether ROS
changes in response to FAM134B-mediated ER-phagy, we
measured intracellular ROS levels using ROS-sensitive
DCFH-DA dye. As the flow cytometry results illustrated in
Figures 5(e)–5(g), the ROS level in the AGEs plus lenti-
FAM134B group was significantly lower compared with that
in the AGEs plus lentivector group, while FAM134B knock-
down significantly increased intracellular ROS levels upon
AGEs treatment than that noted in the blank knockdown
group. Moreover, we next analyzed the effects of
FAM134B-mediated ER-phagy on apoptosis and senescence
under AGEs treatment. As shown in Figure 5(h), compared
to the AGEs plus blank overexpression or knockdown group,
FAM134B overexpression markedly attenuated the expres-
sion of the apoptotic and senescent associated proteins p53,
p16, and cleaved caspase3, while FAM134B knockdown
showed the opposite effects. Consistently, as the TUNEL
and SA-β-gal staining results illustrated in Figures 5(i)–5(l),
FAM134B overexpression could alleviate AGEs-induced
apoptosis and senescence, while FAM134B suppression
could exacerbate the proapoptotic and prosenescent effects
of AGEs. Above all, our findings demonstrated that
FAM134B-mediated ER-phagy activation could relieve intra-
cellular ROS accumulation, apoptosis, and senescence in
human NP cells upon AGEs treatment.

4. Discussion

Previous studies have shown that AGEs accumulation in the
intervertebral disc along with aging plays a critical role in the
pathogenesis of IDD [6–8], and emerging evidence indicates
that ER-phagy could serve as a vital intracellular homeostatic
regulatory mechanism that directly determines cell function-
ality and fate under various stress circumstances [19, 25].
However, the role of ER-phagy in AGEs-mediated IDD and
its potential mechanisms require further exploration. In the
present study, we revealed that FAM134-mediated ER-
phagy was markedly activated upon AGEs treatment via
ROS pathway in human NP cells, and genetical upregulation
and inhibition of FAM134B-mediated ER-phagy could sig-
nificantly decrease and increase intracellular ROS level, apo-
ptosis, and senescence in NP cells subjected to AGEs stimuli,
respectively.

The maintenance of healthy, active, and functional NP is
an important prerequisite for the intervertebral disc to prop-
erly execute physiological function, which largely depends on
the existence of adequate numbers of functionally active NP
cells in the disc; thus, numerous studies investigating IDD
mainly focus on exploring the underlying causes of abnormal
quantity loss and functionality decline of NP cells. Age-
related accumulation of AGEs in the intervertebral disc

impedes its extracellular matrix synthesis and turnover and
ultimately impairs the biomechanical properties of the inter-
vertebral disc and drives the development of IDD [26]. Song
et al. found that AGEs accumulation in the disc could impede
the anabolic and catabolic balance of NP cells via NLRP3-
inflammasome pathway [6]. Furthermore, Song et al. and
Luo et al. revealed that AGEs treatment could damage mito-
chondria redox balance via suppressing Sirt3 function and
compromise ER function via disturbing calcium homeostasis
and ultimately promote apoptosis [7, 8]. Consistently, we
further explored the contribution of AGEs on NP cell apo-
ptosis and senescence in the present study, and the results
showed that AGEs treatment restrained cell proliferation,
promoted cell apoptosis, and senescence in human NP cells.

ROS represents a group of unstable and highly reactive
molecules such as superoxide anions, hydroxyl ions, and
hydrogen peroxide, which mainly derived from aerobic
metabolism. Physiological quantity of ROS is known to con-
trol cellular signal transduction and play roles in cell homeo-
stasis, while excessive ROS produced under stress conditions
appear to intervene with normal cell physiology and even
lead to cell death [27]. Excessive ROS accumulation has been
implicated in the pathogenesis of IVD degeneration [28, 29].
Furthermore, Xiang et al. and Kang et al. revealed that mod-
ulation of the cellular ROS level through antioxidant admin-
istration could efficiently mitigate oxidative stress-induced
NP cell death [30, 31]. NAC, a ROS scavenger, was used to
confirm the role of ROS in the proapoptotic and prosenes-
cent effects of AGEs in the present study; as expected, we
observed that the administration of NAC significantly atten-
uated AGEs-induced ROS burst, apoptosis, and senescence
of NP cells.

ER-phagy, referred to the selective degradation of the ER
by autophagy, is emerging as a critical regulator of cell
homeostasis and function. Notably, the highly selective pro-
cess is largely achieved through selective receptor that inter-
act with autophagosome-associated LC3 and subsequently
cargo ER fragments and ER-resident proteins for lysosomal
degradation [32]. To date, six reticulophagy receptors have
been identified in mammals: FAM134B, RTN3L, SEC62,
CCPG1, ATL3, and TEX264, among which FAM134B was
the first one to be identified. Although the intrinsic relation-
ship between ER-phagy and classical macroautophagy is still
not fully understood, several studies found that disruption of
the interaction of FAM134B with LC3 by mutation or dele-
tion of the LIR amino acid sequence failed to induce ER-
phagy [17]. Moreover, the two major autophagy regulators,
ATG5 and BECN1, are essential for ER fragmentation and
degradation induced by FAM134B overexpression, suggest-
ing that FAM134B-induced ER-phagy depends on the core
macroautophagy machinery [33, 34]. ER-phagy is considered
a stress-induced response mechanism to maintain cellular
homeostasis and to promote cell survival; ER-phagy defec-
tion has been validated to be associated with multiple human
pathologies, including infectious, neurodegenerative dis-
eases, aging, and cancer [35]. Indeed, in the present study,
there are significantly increased autophagosomes containing
layered membrane structures, and much more ER and lyso-
some colocalization clustering was observed upon AGEs
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treatment, suggesting the occurrence of ER-phagy in NP cells
under AGEs stimuli.

Furthermore, ER-phagy is emerging recognized as an
alternative ER quality and quantity control regulatory mech-
anism via delivering excess ER fragments and ER-resident
protein for lysosomal degradation, which is critical for cellu-
lar homeostasis and adaptation to variable environments.
Strikingly, ER-phagy is substantially enhanced when encoun-
tering stress conditions such as starvation and contributes to
resolve ER stress and reestablish ER homeostasis [16]. It is
confirmed that FAM134B-mediated ER-phagy could restrict
viral replication via eliminating ER-associated viral proteins,
while suppression or knockdown of FAM134B could facili-
tate viral replication [36]. Additionally, a higher survival rate
was observed in breast cancer patients with higher FAM134B
expression [37]. Notably, the relationship between
FAM134B-mediated ER-phagy and apoptosis is pretty com-
plicated; ER-phagy could either act as a protective mecha-
nism against apoptosis via restoring excessive ER stress [38,
39] or exhibit ER-phagy-dependent cell death via accelerat-
ing ER degradation and impairs ER homeostasis to trigger
ER stress [21, 40]; these evidence may indicate the possibility
that the adaptive capability of ER-phagy is limited; when
encountered severe conditions overwhelming the regulatory
capacity of ER-phagy, the protective ER-phagy may switch
to facilitate cell death. Accordingly, we detected whether
ER-phagy upregulation exerts a protective effect against
AGEs stimuli in NP cells, and the results showed that the
enhanced expression apoptotic and senescent associated pro-
teins p53, p16, and cleaved caspase 3, and intracellular ROS
levels were significantly decreased with FAM134B overex-
pression, indicating that FAM134B-mediated ER-phagy
plays a critical protective role in defending AGEs-induced
cell damage.

There are still several shortcomings in our study. Firstly,
despite the facts that our research has suggested a crucial role
of FAM134B-mediated ER-phagy activation in balancing
intracellular ROS level and promoting cell survival, while
the specific molecular mechanisms remain to be further stud-
ied. Moreover, we only focused on the typical ER-phagy
receptor FAM134B in this study, whether other types of
ER-phagy receptors are involved in this process was not
explored. In addition, the current study lacks in vivo experi-
mental and clinical validation.

Collectively, we demonstrated that FAM134B-mediated
ER-phagy activation plays a crucial role in protecting against
AGEs-induced intracellular ROS accumulation and cell
injury in human NP cells, and targeting FAM134B-
mediated ER-phagy may be a potentially effective therapeutic
strategy for IDD.
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Excessive apoptosis and inflammatory responses of nucleus pulposus (NP) cells induced by oxidative stress contribute to
intervertebral disc degeneration (IVDD). Though some microRNAs are associated with IVDD, the specific microRNA that can
mediate apoptotic and inflammatory responses of NP cells induced by oxidative stress synchronously still needs further
identification. Here, we find that microRNA-623 (miR-623) is downregulated in IVDD and its expression is regulated by
hypoxia-inducible factor-1α (HIF-1α) under oxidative stress conditions. Mechanistically, HIF-1α is observed to promote miR-
623 expression by directly binding to its promoter region (−1,994/−1,987 bp). Functionally, miR-623 is found to work as an
intermediator in alleviating apoptosis and inflammatory responses of NP cells induced by oxidative stress via regulating
thioredoxin-interacting protein (TXNIP) expression by directly targeting its 3′-untranslated region (3′-UTR). Thus, on
elucidating the expression and functional mechanisms of miR-623, our study suggests that miR-623 can be a valuable
therapeutic target for treating oxidative stress-induced IVDD.

1. Introduction

Intervertebral disc degeneration (IVDD) is a common spinal
disease, which is typically manifested by lower back pain and
reduced lumbar spine support [1] The intervertebral disc
(IVD) has been elucidated to consist of three interrelated
structures: the nucleus pulposus (NP), annulus fibrosus
(AF), and cartilaginous endplate. As NP forms the inner core

of IVD, it has been shown to preserve high water content;
thereby, allowing the vertebral disc to sustain forces of com-
pression and torsion [2]. Many studies have shown that
excessive apoptosis and inflammatory responses of NP cells
trigger metabolic disorders, downregulate extracellular
matrix (ECM) production, and abolish conventional homeo-
static tissue remodeling, which eventually lead to IVDD [3,
4]. Thus, determining key molecular mechanisms of NP cells
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that regulate apoptosis and inflammatory responses can sig-
nificantly aid in managing IVDD.

Among many factors that can cause IVDD, accumulation
of reactive oxygen species (ROS) has been reported to be one
of them [5, 6]. Recent findings have proved the presence of
oxidative stress and escalated concentrations of oxidation
products in degenerated discs. Furthermore, reports have
confirmed that oxidative stress and subsequent mitochon-
drial dysfunction play a role in facilitating intrinsic cellular
apoptosis in NP cells [3]. Moreover, ROS has been shown
to activate signaling pathways such as mitogen-activated pro-
tein kinases (MAPKs) and the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) to promote
expression of ECM proteases and proinflammatory genes,
while inhibiting expression of ECM-related genes and antic-
atabolic genes [7]. Thus, establishing key molecular mecha-
nisms of apoptosis and inflammatory responses in oxidative
stress-induced NP cells can assist in effectively managing
IVDD.

MicroRNAs (miRNAs) are 20–22 nucleotide long base
sequences that can target 3′-untranslated regions (3′-UTR)
of the target gene and thereby inhibit its expression. Increas-
ing evidences have revealed the influence of miRNAs in
IVDD such as mediating apoptosis and inflammatory
responses of NP cells. miR-155 is a well-known miRNA that
has been shown to play a crucial role in regulating apoptotic
pathways. Compared to control NP cells, miR-155 expres-
sion has been reported to be significantly downregulated in
IVDD and overexpression of miR-155 in NP cells has been
shown to inhibit apoptosis by suppressing the expression of
FAS-associated death domain protein (FADD) and caspase-
3 [8]. Similarly, many studies have revealed the downregula-
tion of miR-146a in IVDD. Regulated expression of miR-
146a has been shown to significantly attenuate interleukin
1β- (IL-1β-) induced expression of tumor necrosis factor α
(TNF-α), IL-6, matrix metalloproteinases (MMPs), and
inducible nitric oxide synthase (iNOS) [9]. In addition,
miR-145 overexpression has been demonstrated to attenuate
apoptosis induced by oxidative stress and increase matrix
synthesis in NP cells [10]. Thus, identifying the specific
microRNAs that can comediate apoptotic and inflammatory
responses of NP cells induced by oxidative stress may provide
a potential therapeutic target for treating IVDD.

In the present study, we found that miR-623 was down-
regulated in IVDD and its expression was regulated by
hypoxia-inducible factor 1α (HIF-1α) under oxidative stress
conditions. Furthermore, miR-623 was observed to act as an
intermediator in apoptosis and inflammatory responses of
oxidative stress-induced NP cells by targeting thioredoxin-
interacting protein (TXNIP) mRNA. Overall, our study pro-
poses miR-623 as a potential therapeutic target for treating
oxidative stress-induced IVDD.

2. Results

2.1. Oxidative Stress Downregulates miR-623 Expression in
NP Cells. To identify the potential miRNAs that are involved
in apoptosis and inflammatory responses of ROS-induced
NP cells, we analyzed differentially expressed miRNAs in

control and degenerated NP tissues using microarray data-
sets (GSE63492 and GSE19943) that were obtained from
the Gene Expression Omnibus (GEO) database. Analyses of
both the datasets revealed seven miRNAs that were downreg-
ulated in degenerated NP tissues (Figure 1(a)). To determine
the most evidently downregulated miRNA, we compared the
expression of all seven miRNAs in each dataset. Results
showed that miR-623 expression had the highest significant
difference (Figures 1(b) and 1(c)). Furthermore, to confirm
the database-oriented results, miR-623 expression was evalu-
ated in degenerated NP tissues from patients with IVDD and
in healthy NP tissues from patients with spinal tumor. Quan-
titative real-time PCR (qRT-PCR) analysis revealed that
miR-623 expression was significantly downregulated in NP
cells of IVDD tissues (Figure 1(d)). Further, we verified the
dampened expression of miR-623 in degenerated NP tissues
by RNA fluorescence in in situ hybridization (RNA-FISH)
analysis (Figure 1(e)).

On confirming the downregulated expression of miR-623
in IVDD, we then investigated whether miR-623 modulation
was a response to ROS. Tert-butyl hydroperoxide (TBHP)
was used as an exogenous ROS donor in previously published
methodologies [11]. As shown in Figures 1(f)–1(h), stimu-
lated primary NP cells with 100μM TBHP for 12 hours sig-
nificantly induced NP cell apoptosis, as demonstrated by
the decreased cell survival rate, decreased antiapoptotic regu-
lator B-cell lymphoma 2 (BCL2) expression, and increased
expression of BCL2-associated X (BAX). Meanwhile, miR-
623 expression was found to be significantly dampened in
the presence of 100μM TBHP stimulation for 12 hours
(Figure 1(i)). Overall, our results demonstrated that miR-
623 expression is downregulated in NP cells of IVDD which
indicated that miR-623 might be involved in oxidative stress-
induced apoptosis and inflammatory responses of NP cells.

2.2. miR-623 Attenuates Apoptosis of NP Cells Induced by
Oxidative Stress. To determine the role of miR-623 in
NP cell apoptosis induced by oxidative stress, primary
human NP cells were transfected with the miR-623 mimic
or inhibitor before being treated with TBHP. As illustrated in
Figures 2(a)–2(c), fluorescence-activated cell sorting (FACS)
analysis revealed that miR-623 overexpression restricts
TBHP-induced apoptosis of NP cells. Consistently, Western
blot analysis revealed that miR-623 overexpression signifi-
cantly restores the expression of BAX, cleaved caspase 3,
MMP13, BCL2, and collagen II, which were induced or
reduced, on TBHP treatment (Figure 2(d)). Studies have
shown that mitochondria are not only the main source
for cellular ROS but also specifically susceptible to oxidative
stress-related damage [12]. JC-1 staining revealed that miR-
623 significantly alleviates TBHP-decreased mitochondrial
membrane potential (Figures 2(e)–2(f)). This suggested that
miR-623 overexpression may protect mitochondria from
oxidative stress-related damage. Similarly, C11 fluorescent
dye-mediated detection of the mitochondrial ROS level
revealed that miR-623 overexpression markedly restricts
ROS production in TBHP-induced NP cells (Figures 2(g)
and 2(h)). In contrast to the ameliorated role of miR-623
overexpression in TBHP-induced apoptosis and ROS

2 Oxidative Medicine and Cellular Longevity



311 38

GSE19943GSE63492

7

miR-483-5p
miR-492
miR-557
miR-623
miR-516a-3p
miR-198
miR-296-3p

(a)

GSE63492

m
iR

-4
83

-5
p

m
iR

-2
96

-3
p

m
iR

-4
92

m
iR

-5
57

m
iR

-6
23

m
iR

-5
16

a-
3p

m
iR

-1
98

0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e e

xp
re

ss
io

n 
(fo

ld
 ch

an
ge

) ⁎

Normal
Degeneration

(b)

GSE19943

0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e e

xp
re

ss
io

n 
(fo

ld
 ch

an
ge

)

m
iR

-4
83

-5
p

m
iR

-2
96

-3
p

m
iR

-4
92

m
iR

-5
57

m
iR

-6
23

m
iR

-5
16

a-
3p

m
iR

-1
98

Normal
Degeneration

⁎⁎ ⁎⁎

(c)

Normal (n = 11)
Degeneration (n = 11)

0.0

0.5

1.0

1.5

m
iR

-6
23

 re
lat

iv
e e

xp
re

ss
io

n
(fo

ld
 ch

an
ge

)

⁎⁎⁎

(d)

miR -623 DAPI Merge

N
or

m
al

D
eg

en
er

at
io

n

(e)

Figure 1: Continued.

3Oxidative Medicine and Cellular Longevity



production, miR-623 inhibitor transfection significantly
promoted the apoptosis and ROS production of NP cells
induced by TBHP (Figures 2(i)–2(n)). Overall, these results
demonstrated that miR-623 attenuates NP cell apoptosis
induced by oxidative stress.

2.3. miR-623 Inhibits Inflammatory Responses of NP Cells
Induced by Oxidative Stress. On elucidating the antiapoptotic
role of miR-623, we further investigated whether miR-623
mediates inflammatory responses in oxidative stress-induced
NP cells. Gain-of-function experiments revealed that on trans-
fection of miR-623 mimic, expressions of inflammatory
markers such as iNOS, IL-1β, and IL-6 were significantly
reduced in TBHP-treated NP cells (Figures 3(a)–3(d)). Con-
versely, loss-of-function experiments demonstrated that the
miR-623 inhibitor significantly augmented the effect of TBHP
on iNOS, IL-1β, and IL-6 expression (Figures 3(e)–3(i)). Thus,
these results demonstrated that miR-623 inhibits inflamma-
tory responses in NP cells induced by oxidative stress.

2.4. miR-623 Attenuates TBHP-Induced Apoptosis and
Inflammation by Targeting TXNIP mRNA. To identify the
downstream targets of miR-623, bioinformatics analysis
was performed using two miRNA databases, TargetScan
and miRTarBase. Subsequently, 226 genes were selected for
further investigation. On analyzing the microarray dataset,
GSE34095, mRNA expressions of TXNIP, adaptor protein-1
complex subunit sigma-2 (AP1S2), WNT1-inducible-
signaling pathway protein-1 (WISP1), basic leucine zipper
and W-2 domain containing protein 1 (BZW1), and X-ray
repair cross-complementing protein 5 (XRCC5) were found
to be upregulated in IVDD among the selected 226 genes
(Figures 4(a) and 4(b)). TXNIP has been reported as a key
regulatory protein in oxidative stress-induced apoptosis
and inflammatory responses [13]. Subsequently, we hypoth-
esized that TXNIP might be the mRNA target of miR-623.
To evaluate this hypothesis, we first compared the TXNIP
expression level in normal IVDs and IVDD tissues. Results
showed that TXNIP expression was upregulated in IVDD

0 3 6 9 12 24 (h)
0

50

100

150

TBHP (100 𝜇M)

Ce
ll 

vi
ab

ili
ty

 (%
)

⁎⁎⁎

⁎⁎⁎
⁎⁎

(f)

10050250 200 400 (𝜇M)
0

50

100

150

Ce
ll 

vi
ab

ili
ty

 (%
)

⁎⁎⁎

⁎⁎⁎
⁎⁎

TBHP (12 h)

(g)

‒20

‒26

‒17

BAX

BCL2

Cle-caspase3

kDaTBHP 0 3 6 9 12 24 (h)

𝛽-Actin ‒40

(h)

DMSO
0.0

0.5

1.0

1.5

Re
la

tiv
e e

xp
re

ss
io

n 
of

 m
iR

-6
23

(fo
ld

 ch
an

ge
)

TBHP

⁎⁎⁎

(i)

Figure 1: Oxidative stress dampens miR-623 expression in NP cells. (a) Differentially expressed miRNAs between normal and degenerated
NP tissues were determined by analysis with microarray datasets of GSE63492 and GSE19943. Seven miRNAs were found to be
downregulated in degenerated NP tissues both in the datasets of GSE63492 and GSE19943. (b) The fold change of relative mRNA
expression of seven downregulated miRNAs (a) analyzed by the dataset of GSE63492 was shown as the column chart. (c) The fold change
of relative mRNA expression of seven downregulated miRNAs (a) analyzed by the dataset of GSE19943 was shown as the column chart.
(d) Quantification analysis of miR-623 mRNA expression in normal NP tissues (n = 11) and degenerated NP tissues (n = 11). (e)
Immunostaining analysis of miR-623 mRNA expression in normal NP tissues and degenerated NP tissues. Scale bars represent 50 μm. (f)
The survival rate of NP cells incubated with 100μM TBHP for different hours. (g) The survival rate of NP cells incubated with different
doses of TBHP for 12 hours. (h) The protein of BAX, BCL2, and cleaved caspase-3 expression in NP cells induced by 100 μM TBHP for
different hours. (i) Quantification analysis of miR-623 mRNA expression in NP cells with or without TBHP stimulation. ∗P < 0:05, ∗∗P <
0:01, and ∗∗∗P < 0:001. P values were analyzed by two-tailed t-tests in (b, c, d, and i) and one-way ANOVA in (f, g).
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(Figure 4(c)). Further, the predicted binding sites of miR-
623 on 3′-UTR of TXNIP were shown in Figure 4(d). To ver-
ify these putative binding sites, site-directed mutagenesis was
performed (Figure 4(d)). 293T cells were transfected with
wild-type (WT) or mutated 3′-UTR constructs of TXNIP,
and luciferase activity was measured following cotransfection
withmiR-623. As shown in Figure 4(e), miR-623 mimic trans-
fection was observed to inhibit luciferase reporter activity in
WT-transfected cells and not in mutated TXNIP-transfected
cells. This indicated that TXNIPmRNA was directly targeted
by miR-623. Subsequently, qRT-PCR and immunoblotting
analysis revealed that miR-623 overexpression significantly
downregulates mRNA and protein expression levels of
TXNIP in NP cells (Figures 4(f) and 4(g)). To further con-
firm whether TXNIP expression is regulated by TBHP via
miR-623, NP cells were transfected with miR-623 mimic
and treated with TBHP. As shown in Figure 5(a), TBHP
was found to induce TXNIP expression, while miR-623
overexpression was observed to alleviate this effect.

To assess the role of TXNIP and miR-623 in TBHP-
induced apoptosis and inflammation, we cotransfected NP
cells with miR-623 mimic and TXNIP. Immunoblotting
analysis showed that miR-623 inhibits TBHP-induced
expression of proapoptotic proteins such as BAX, BCL2,
and cleaved caspase-3; inflammatory mediators including
IL-1β, IL-6, and iNOS; and the majority of matrix degrading
proteases such as MMP-13. In contrast, TXNIP was found to

enhance the expression of these proapoptotic proteins,
inflammatory mediators, and matrix-degrading proteases
(Figures 5(b)–5(e)). These results suggested that miR-623
attenuates TBHP-induced apoptosis and inflammation by
targeting TXNIP mRNA.

2.5. miR-623 Expression Is Regulated by HIF-1α under
Oxidative Stress Conditions. In IVDs, NP is an avascular tis-
sue under the hypoxic environment. HIF is one of the vital
factors that has been shown to directly mediate cellular
responses to hypoxia [2]. In our previous study, we demon-
strated the protective effect of HIF-1α against apoptosis in
NP cells [2]. In the present study, results revealed that HIF-
1α expression was significantly decreased in NP cells of
IVDD tissue (Figure 6(a)). In addition, some studies have
reported that oxidative stress inhibits HIF-1α in NP cells
[14], and our present study further reveals that oxidative
stress mediates oxidative stress-induced NP cell apoptosis
and inflammatory responses via miR-623 (Figure 3). There-
fore, we hypothesized that HIF-1α might be acting as an
intermediator between oxidative stress and miR-623 expres-
sion in NP cells. To evaluate our hypothesis, we first detected
miR-623 expression in oxidative stress-mediated NP cells with
or without HIF-1α overexpression. Results showed that HIF-
1α overexpression significantly restored miR-623 expression,
which was downregulated by TBHP (Figures 6(b) and 6(c)).
Consistent with miR-623 mimic-related results, HIF-1α
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Figure 2: miR-623 decreases the apoptosis of NP cells induced by oxidative stress. (a) Quantification analysis of miR-623 mRNA expression
in NP cells with or without miR-623 mimic transfection. (b) FACS analysis of NP cell apoptosis induced by TBHP with or without miR-623
mimic transfection. (c) The means of cell apoptosis in (b) were shown as the column chart. (d) Western blot analysis of BAX, BCL2, cleaved
caspase-3, collagen II, and MMP13 expression in NP cells induced by TBHP with or without miR-623 mimic transfection. (e) FACS analysis
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the column chart. (g) FACS analysis of ROS-positive cells induced by TBHP induced with or without miR-623 mimic transfection. (h) The
means of ROS-positive cells in (g) were shown as the column chart. (i) FACS analysis of NP cell apoptosis induced by TBHP with or without
miR-623 mimic transfection. (j) The means of cell apoptosis in (i) were shown as the column chart. (k) FACS analysis of JC-1-positive cells
induced by TBHP with or without miR-623 mimic transfection. (l) The means of JC-1-positive cells in (k) were shown as the column chart.
(m) FACS analysis of ROS-positive cells induced by TBHP induced with or without miR-623 mimic transfection. (n) The means of ROS-
positive cells in (m) were shown as the column chart. ∗∗∗P < 0:001. P values were analyzed by two-tailed t-tests in (a) and two-way
ANOVA in (c, f, h, j, l, and n).

8 Oxidative Medicine and Cellular Longevity



Actin

DMSO
TBHP

+
–

–
+

–
+

+
–

iNOS

IL-1𝛽

‒130

kDa

m
iR

-6
23

 C
tr

l

m
iR

-6
23

 m
im

ic

‒30

‒40

(a)

DMSO TBHP
0

5

10

15

20

25

miR-623 Ctrl
miR-623 mimic

Re
la

tiv
e e

xp
re

ss
io

n 
of

 IL
-1
𝛽

(fo
ld

 ch
an

ge
)

⁎⁎⁎ ⁎⁎⁎

(b)

DMSO TBHP

miR-623 Ctrl
miR-623 mimic

0
1
2

20

40

60

80

100

Re
la

tiv
e e

xp
re

ss
io

n 
of

 IL
-6

(fo
ld

 ch
an

ge
)

⁎⁎⁎⁎⁎⁎

(c)

DMSO TBHP

miR-623 Ctrl
miR-623 mimic

0

20

40

60

80

100

IL
-6

 (p
g/

m
L)

⁎⁎⁎ ⁎⁎⁎

(d)

Actin

DMSO
TBHP

+
–

–
+

–
+

+
–

iNOS

IL-1𝛽

‒130

m
iR

-6
23

 C
tr

l

m
iR

-6
23

 in
hi

bi
to

r

‒30

‒40

Mature caspase-1 ‒20

Actin ‒40

(e)

DMSO TBHP
0

10

20

30

40

Re
la

tiv
e e

xp
re

ss
io

n 
of

 IL
-1
𝛽

(fo
ld

 ch
an

ge
)

miR-623 Ctrl
miR-623 inhibitor

⁎⁎⁎⁎⁎⁎

(f)

0

50

100

150

Re
la

tiv
e e

xp
re

ss
io

n 
of

 IL
-6

(fo
ld

 ch
an

ge
)

DMSO TBHP

miR-623 Ctrl
miR-623 inhibitor

⁎⁎⁎ ⁎⁎⁎

(g)

0

50

100

150

200

DMSO TBHP

miR-623 Ctrl
miR-623 inhibitor

⁎⁎⁎ ⁎⁎⁎

IL
-1
𝛽

 (p
g/

m
L)

(h)

DMSO TBHP

miR-623 Ctrl
miR-623 inhibitor

⁎⁎⁎⁎⁎⁎

0

50

100

150

IL
-6

 (p
g/

m
L)

(i)

Figure 3: miR-623 inhibits the inflammatory responses of NP cells induced by oxidative stress. (a) Western blot analyses of IL-1β and iNOS
in NP cells induced by TBHP with or without miR-623 mimic transfection. (b, c) Quantification analysis of IL-1β and IL-6 mRNA expression
in NP cells induced by TBHP with or without miR-623 mimic transfection. (d) Quantification analysis of the secretion of IL-6 in culture
medium of NP cells induced by TBHP with or without miR-623 mimic transfection. (e) Western blot analyses of IL-1β, iNOS, and
cleaved caspase-1 (C-caspase-1) in NP cells induced by TBHP with or without miR-623 inhibitor transfection. (f, g) Quantification
analysis of IL-1β and IL-6 mRNA expression in NP cells induced by TBHP with or without miR-623 inhibitor transfection. (h, i)
Quantification analysis of the secretion of IL-1β and IL-6 in culture medium of NP cells induced by TBHP with or without miR-623
inhibitor transfection. ∗∗∗P < 0:001. P values were analyzed by two-way ANOVA.
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overexpression was found to markedly restore the expression
of proapoptotic proteins (BAX and cleaved caspase-3), anti-
apoptotic proteins (BCL2), and ECM metabolism-related
proteins (MMP13 and collagen II), which were upregulated
and downregulated, respectively, on TBHP treatment
(Figure 6(d)).

HIF-1α is a transcriptional factor that usually binds to the
promoter region of target genes to facilitate their expression
[15]. Thus, we investigated whether HIF-1α mediates miR-
623 expression by directly binding to its promoter region. A
dual-luciferase reporter gene assay system was used to detect
the promoter activity of miR-623 on HIF-1α overexpression.
Results showed that consistent with the mRNA expression of

HIF-1α and miR-623, the promoter activity of miR-623 was
found to be significantly augmented on HIF-1α overexpres-
sion (Figure 6(e)). Further, we investigated the location of
the hypoxia-reactive element (HRE) in the miR-623 pro-
moter region. On analyzing the promoter sequence of human
miR-623 using the JASPAR core database [16], we found one
putative binding site for HIF-1α at −1,994/−1,987 bp (CCAC
GTGA) on its promoter region (Figure 6(f)). To further
examine if the predicted binding site is an essential compo-
nent for HIF-1α-regulated miR-623 expression, we mutated
the putative binding sites to TCCATCTA (Figure 6(f)). NP
cells were then transfected with either WT or mutated con-
structs, and luciferase activity was measured following HIF-
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Figure 4: miR-623 inhibits TXNIP expression by targeting its 3′-UTR. (a) Bioinformatics analysis was performed to determine the predicted
downstream targets of miR-623 with the dataset of TargetScan, miRTarBase, and GSE34095. (b) The fold change of relative mRNA expression
of TXNIP analyzed by the dataset of GSE63492. (c) Quantification analysis of TXNIP mRNA expression in normal (n = 11) and degenerated
(n = 11) NP tissues. (d) Schematic representation of the binding between miR-623 and the TXNIP 3′-UTR. (e) Relative luciferase activities
were analyzed in 293T cells cotransfected with TXNIP 3′-UTR (wild-type or mutant) reporter plasmid and miR-623 mimics or miR-623
control. (f, g) qRT-PCR and Western blot analysis of TXNIP expression in NP cells transfected with miR-623 mimics or miR-623 control.
∗P < 0:05 and ∗∗∗P < 0:001. P values were analyzed by two-tailed t-tests in (a, b, d, and e).
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1α overexpression. Results revealed that compared to WT
controls, mutation in the binding site reduced the promoter
activity of miR-623 induced by HIF-1α overexpression
(Figure 6(g)). Overall, these results demonstrated that miR-
623 expression was regulated by HIF-1α under oxidative
stress conditions.

3. Discussion

Excessive apoptosis and inflammatory responses in NP cells
induced by oxidative stress can trigger metabolic disorders
of NP tissues, obliterate the normal structure and physiolog-
ical functions of IVD, and eventually lead to IVDD [17, 18].
Although many miRNAs have been associated with IVDD,
the specific miRNAs that can co-mediate apoptosis and the

inflammatory response in oxidative stress-induced NP cells
still need further identification. In this study, we found that
miR-623 expression is downregulated in IVDD, which is reg-
ulated by HIF-1α under oxidative stress conditions. Further-
more, we demonstrated that miR-623 targets TXNIP mRNA
and acts as an intermediator in apoptosis and inflammatory
responses of oxidative stress-induced NP cells (Figure 6(h)).
Thus, we proved miR-623 as an intermediator between oxi-
dative stress and apoptosis and inflammatory responses of
NP cells. Overall, on elucidating the expression and func-
tional mechanisms of miR-623, our study suggests miR-623
as a therapeutic target for treating oxidative stress-induced
IVDD.

IVDD has been reported to be typically instigated from
the inner NP core, which has been shown to develop an
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Figure 5: miR-623 attenuates TBHP-induced apoptosis and inflammation via TXNIP. (a) Western blot analysis of TXNIP expression in NP
cells induced by TBHP with or without miR-623 mimic transfection. (b) Western blot analyses of TXNIP, BAX, BCL2, cleaved caspase-3,
collagen II, iNOS, MMP13, and IL-1β in NP cells induced by TBHP with or without TXNIP overexpression and/or miR-623 mimic
transfection. (c, d) Quantification analysis of IL-1β and IL-6 mRNA expression in NP cells induced by TBHP with or without TXNIP
overexpression and/or miR-623 mimic transfection. (e) Quantification analysis of the secretion of IL-6 in culture medium of NP cells
induced by TBHP with or without TXNIP overexpression and/or miR-623 mimic transfection. ∗∗∗P < 0:001. P values were analyzed by
two-way ANOVA.
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Figure 6: Continued.
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altered cell phenotype with downregulated expression of pro-
teoglycans and collagen II. Furthermore, studies have shown
that such alterations can reduce pressure within the NP core
and cause increased compressive stress towards the inner
annulus, which has been demonstrated to trigger disc herni-
ation [19]. Pathogenesis of IVDD has been shown to involve
a complex signaling network and various effector molecules
[20, 21]. Recent studies have reported that the onset and
progression of IVDD is strictly associated with ROS and
oxidative stress. Oxidative stress not only reinforces matrix
degradation and inflammation but also promotes the
decrease in the number of viable and functional cells in the
IVD microenvironment. This has been observed to impair
the mechanical function of IVDs and intensify the progres-

sion of IVDD [7]. Thus, evaluating oxidative stress-induced
molecular mechanisms that mediate apoptosis and inflamma-
tory responses in NP cells and finding an oxidative stress-
targeted therapeutic strategy would provide a novel perspec-
tive in IVDD treatment. Our present study revealed that
miR-623 expression was reduced in IVDD and regulated by
HIF-1α under oxidative stress conditions. Furthermore, we
showed that miR-623 acted as an intermediator of apoptosis
and inflammatory responses in oxidative stress-induced NP
cells by directly targeting 3′-UTR of TXNIP mRNA.

TXNIP is a type of thioredoxin-interacting protein from
the α-suppressor protein family and is expressed in a variety
of cells and tissues. Besides functioning as an initial tumor
suppressor protein [22], TXNIP has also been shown as a
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Figure 6: miR-623 expression is regulated by HIF-1α under oxidative stress. (a) Western blot analysis of HIF-1α expression in normal and
degenerated NP tissues. (b, c) Quantification analysis of HIF-1α and miR-623 expression in NP cells induced by TBHP with or without HIF-
1α overexpression. (d)Western blot analyses of HIF-1α, BAX, BCL2, cleaved caspase-3, collagen II, andMMP13 in NP cells induced by TBHP
with or without HIF-1α overexpression. (e) miR-623 promoter activity induced by HIF-1α overexpression. (f) The schematic of the WT and
mutant miR-623 promoter constructs. (g) miR-623 promoter activity induced by HIF-1α with or without putative HIF-1α binding site
mutation on the miR-623 promoter. (h) The schematic graph reflects the HIF-1α-miR-623-TXNIP pathway in NP cell apoptosis and
inflammatory responses induced by oxidative stress. Normally, NP is an avascular tissue under a hypoxic environment and expresses a
high level of HIF-1α. Under oxidative stress conditions, HIF-1α expression is dampened and results in decreased nuclear translocation to
bind to the hypoxia-reactive element on the miR-623 promoter, leading to decreased miR-623 transcription. The dampened miR-623
expression alleviates the inhibited effect miR-623 on TXNIP expression by targeting to its 3′-UTR, ultimately leading to increased
apoptosis and inflammatory responses of NP cells and initiating the IVDD. ∗∗∗P < 0:001. P values were analyzed by two-tailed t-tests in
(e) and two-way ANOVA in (b, g).
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key regulatory protein in oxidative stress-induced apoptosis
and inflammatory responses [13]. Clusters of ROS have been
demonstrated to promote nuclear translocation of TXNIP
from cytoplasm and concurrently activate inflammation or
apoptosis-related signaling molecules such as apoptosis
signal-regulating kinase 1 (ASK1) and NACHT, LRR, and
PYD domain-containing protein 3 (NLRP3) [23, 24]. Fur-
thermore, upregulated expression of TXNIP has been shown
to be accompanied by activation of inflammatory signals in
IVDD [18]. In the present study, TXNIP expression was
found to be upregulated in IVDD, which played a crucial role
in apoptosis and inflammatory responses of oxidative stress-
induced NP cells. Further, we found that miR-623 was a key
regulator of TXNIP expression by directly targeting 3′-UTR
of TXNIP mRNA.

In IVDs, NP is an avascular tissue under the hypoxic
environment. As a cellular adaptation, alterations in the oxy-
gen level have been reported to facilitate or inhibit HIF-1α
activation. This mechanism has been shown to promote
expression of diverse homeostasis regulatory genes that
mediate cell survival and accommodation [25]. In our earlier
study, we show in NP-specific HIF-1α-deficient mice that
HIF-1α plays a vital role in the survival of NP cells and
ECM homeostasis. However, mechanisms by which HIF-1α
mediates cell survival are still not well elucidated [2]. In the
present study, we found that HIF-1α expression was down-
regulated in NP cells under oxidative stress conditions. We
also demonstrated that HIF-1α could mediate NP cell apo-
ptosis induced by oxidative stress via miR-623. Moreover,
we proved that HIF-1α facilitated miR-623 expression by
directly binding to the promoter region of miR-623 at
−1,994/−1,987 bp.

Although these results are promising, we would like to
point out some potential limitations of this study. First, the
majority of the experiments were performed in vitro, which
might not essentially complement the in vivo mechanisms.
Second, the human NP cell culture was not monitored under
conditions of hypoxia, which is physiologically relevant and
may affect cell growth. Third, in the spine, one vertebra could
be regarded a single oncologic compartment, as cartilaginous
endplate and cartilaginous annulus fibrosus served as strong
barriers to spinal tumor spread [26, 27]. And, all lesions of
the cases selected showed well-defined anatomic compart-
ment and the tumors did not invade the intervertebral disc.
Moreover, the NP tissues from spinal tumor patients with
Pfirrmann grades I and II were used in the present study,
which showed no obvious degenerative phenotypes. All of
which indicated that these NP tissues could be regarded as
the normal controls. However, it is still necessary to deter-
mine that miR-623 expression in NP tissues were not affected
by the spinal tumor microenvironment, as it has been
reported that miR-623 is a tumor suppressor and its expres-
sion may change in tumor patients [28–30]. Finally, although
the essential role of the HIF-1α-miR-623-TXNIP pathway
was observed in regulating apoptosis and inflammatory
responses induced by oxidative stress in NP cells, it must be
noted that the findings were collected from the experiment
results within normal NP cells. Since there are degenerative
cells in the degenerative disc, not normal cells, whether the

responses of these two kinds of cells to the same stimulus
are consistent still needs further investigation.

In conclusion, this study demonstrated that HIF-1α-
induced miR-623 could regulate apoptosis and inflammation
in TBHP-induced NP cells by targeting TXNIP mRNA.
These findings improved our understandings of the mecha-
nism involved in IVDD pathogenesis and might be a valuable
resource to develop potentially effective therapeutic strategies
against IVDD.

4. Materials and Methods

4.1. Bioinformatics Analysis. The miRNA expression profile
datasets GSE63492 and GSE19943 were downloaded from
the GEO database. The two-microarray expression data were
compiled through Venn analysis, and the binding sites of
HIF-1α were predicted via the JASPAR database (http://
jaspar.binf.ku.dk/cgi-bin/jaspar_db.pl). The sequence of the
miR-623 promoter was founded in the UCSC database
(http://genome.ucsc.edu). Meanwhile, the gene expression
profile dataset GSE34095 was downloaded from the GEO
database. The predicted targets of miR-623 and the upregu-
lated gene expression of GSE34095 were compiled. The
mRNA targets of miR-623 were predicted using two pro-
grams: TargetScan (http://www.targetscan.org), miRTarBase
(http://mirtarbase.mbc.nctu.edu.tw/php/download.php).

4.2. Ethics Statement. All procedures were approved by the
Ethics Committee of Shanghai Changzheng Hospital, Second
Military Medical University, China (no. 2017SL040), and
were carried out only after written informed consent had
been obtained from all study participants and from the par-
ents of subjects younger than 18 years of age.

4.3. NP Tissue Collection. Before the operation, the patients
were examined via MRI and IVD degeneration was evaluated
according to the classification system described by Pfirrmann
et al. [31]. The degenerative NP tissues were obtained from
11 patients undergoing intervertebral disc discectomy in
Changzheng Hospital, with Pfirrmann grades III and V.
And the control NP tissues were obtained from 11 patients
with spinal tumors undergoing total spondylectomy and
reconstruction, with Pfirrmann grades I and II. Characteris-
tics of the patients are summarized in Tables 1 and 2.

4.4. NP Cell Culture.NP cells were isolated fromNP tissues of
spinal tumor patients, with Pfirrmann grade I. NPCs were
cultured in DMEM/F12 (HyClone) with 10% fetal bovine
serum. Second-passage cells were used in all experiments.
NPCs were treated with 100μM TBHP (Sigma, MO, USA)
for 12 h to induce oxidative stress.

4.5. RNA FISH. In situ hybridization was performed to detect
the expression of miR-623 in NP tissues by using specific
probes. Blue fluorescence indicated cell nucleus and, green
fluorescence indicated miR-623.

4.6. Analysis of Cell Apoptosis. Cell apoptosis was detected by
Annexin V-PI flow cytometry assay. NPs were transfected
with miRNA mimics or mimic control followed by TBHP
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treatment as indicated. Annexin V FITC Apop Dtec Kit I
(BD, 556547) was used for assessing cell apoptosis according
to the manufacturer’s instructions.

4.7. RNA Isolation and qRT-PCR Analysis. Total RNA was
extracted fromNP tissues using TRIzol (TaKaRa). (Invitrogen
Corporation, 15,596–018) according to the manufacturer’s
instructions. The PrimeScript™ RT Reagent Kit (Perfect Real
Time, TaKaRa, RR037A) and SYBR Premix EX TaqTM
(TaKaRa, RR820A) were used to detect and quantify miR-
623, and RNU6/U6 was used as an internal control. For
mRNA studies, The PrimeScript™ RT Master Mix (Perfect
Real Time, TaKaRa, RR036A) was used to reverse transcript
and RT-PCR was performed to detect HIF-1α and TXNIP
levels by using SYBR Premix EX Taq TM (TaKaRa,
RR820A). GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) served as the reference gene. Relative expression was cal-
culated using the comparative threshold cycle (Ct) method.
Experiments were carried out in triplicate. A complete list of
primers used was shown in Table 3.

4.8. Western Blotting. Protein concentration was determined
by a BCA kit (KeyGen, KGP902). Protein extracts were then
separated by electrophoresis in 10–12% polyacrylamide gels
and were transferred to poly-vinylidene difluoride mem-
branes (Millipore Sigma, IPVH00010). After blocking in 5%

skim milk (Biofroxx, 1172GR500), the membranes were
incubated with the indicated primary antibodies (Bax:
#2772, CST; Bcl2: #4223, CST; cle-caspase3: #9664, CST;
TXNIP: #14715, CST; iNOS: #13120, CST; HIF-1α: #36169,
CST; IL-1β: #12703, CST; Collagen II: ab34712, Abcam;
MMP13: ab219620, Abcam; β-action: #4970, CST; and
cleaved caspase-1: #4199, CST) at 4°C overnight, following
by the corresponding horseradish peroxidase-conjugated
secondary antibodies (anti-mouse IgG, HRP-linked anti-
body: #7076, CST; anti-rabbit IgG, HRP-linked antibody:
#7074, CST). Signals were detected using chemiluminescent
ECL reagent (Cytiva, RPN2235). Both the primary antibody
and the second antibody were diluted in 1 : 1000.

4.9. Detection of the Mitochondrial Membrane Potential. The
mitochondrial membrane potential was detected by a JC-1
kit (C2006; Beyotime, China) according to the manufac-
turer’s instructions. Briefly, the NP cells were collected and
resuspended in 1mL of JC-1 staining buffer and then incu-
bated in the dark at 37°C for 20min, centrifuged for the col-
lection of cell precipitation, washed with JC-1 staining buffer
(1×) twice, 500μl JC-1 staining buffer (1×), and detected by
flow cytometry.

4.10. ELISA. The supernatants of cell culture were collected
for cytokine evaluation. Cytokine production was measured

Table 1: Characteristics of the patients with disc degeneration.

Patient no. Sex Age Diagnosis Sample level Disc of Pfirrmann grade

1 Female 17 Intervertebral disc herniation L4-L5 V

2 Male 26 Intervertebral disc herniation L4-L5 V

3 Female 65 Intervertebral disc herniation L4-L5 III

4 Male 56 Intervertebral disc herniation L4-L5 IV

5 Male 21 Intervertebral disc herniation L5-S1 V

6 Female 32 Intervertebral disc herniation L4-L5 IV

7 Female 64 Intervertebral disc herniation L4-L5 IV

8 Female 62 Intervertebral disc herniation L3-L4 IV

9 Male 74 Intervertebral disc herniation L4-L5 V

10 Male 26 Intervertebral disc herniation L3-L4 IV

11 Female 56 Intervertebral disc herniation L4-L5 V

Table 2: Characteristics of the patients with spinal tumor.

Patient no. Sex Age Diagnosis Sample level Disc of Pfirrmann grade

1 Female 34 L4 giant cell tumor L4-5 I

2 Male 23 L3 osteosarcoma L3-4 II

3 Male 25 C6 giant cell tumor C6-7 I

4 Male 32 L1 chondrosarcoma L1-2 I

5 Female 56 T12 Ewing’s sarcoma T12-L1 I

6 Female 45 L1 metastatic breast cancer L1-2 I

7 Female 25 T11 metastatic renal cancer T11-12 I

8 Male 43 T10 giant cell tumor T10-11 II

9 Male 25 L4 metastatic lung cancer L3-4 I

10 Female 36 T8 solitary plasmacytoma T7-8 I

11 Male 43 C5 osteoblastoma C4-5 I
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by human IL-1β and IL-6 Quantikine ELISA Kit (R&D Sys-
tems, DLB50 and D6050) according to the manufacturer’s
instructions.

4.11. Lipid ROS Assay. BODIPY-C11 dye (Thermo, D3861)
was used to detect the lipid ROS level. Briefly, add
BODIPY-C11 to the culture medium for the 5μM final con-
centration of BODIPY-C11. The culture was returned to the
cell culture incubator for 20min. Cells were collected in
1.5mL tubes and washed twice with PBS. The amount of
ROS within cells was determined by flow cytometry using
the Beckman CyAn AOP.

4.12. Luciferase Reporter Assay. The promoter miR-623 lucif-
erase reporter constructs containing the wild-type binding
sites of HIF-1α were amplified using the PCR method. The
PCR products were cloned into the pGL3-report luciferase
vector, immediately upstream of the luciferase gene. All the
constructs containing promoter inserts were sequenced and
verified.

The 3′-UTR-TXNIP luciferase reporter constructs con-
taining the wild-type and mutant binding sites of miR-623
were amplified using the PCR method. The PCR products
were cloned into the pMiR-report luciferase vector (Ambion,
AM5795), immediately downstream of the luciferase gene.
All the constructs containing 3′-UTR inserts were sequenced
and verified.

Cells were cotransfected with reporter constructs, and the
miRNA mimic and the β-gal plasmid were harvested 48 h
after the transfection and lysed with reporter lysis buffer
(Promega, E397A). The luciferase activities in the cellular
extracts were determined using the dual-luciferase reporter
assay system (Promega, E1910) according to the manufac-
turer’s instructions. Data were represented as the fold induc-
tion after normalizing the luciferase activity of the tested
sample to that of the corresponding control sample.

4.13. Statistical Analysis. All data representative of three
independent experiments are present as mean ± SEM. We

used two-tailed t-tests to determine significances between
two groups. We did analyses of multiple groups by one- or
two-way ANOVA with Bonferroni post-test of GraphPad
prism version 5. For all statistical tests, we considered a P
value< 0.05 to be statistically significant.
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Established studies proved that mechanical compression loading hadmultiple effects on the biological behavior of the intervertebral
disc (IVD). However, the regulating mechanism involved in this process remains unclear. The current study is aimed at exploring
the potential bioregulators and signaling pathways involved in the compression-associated biological changes of nucleus pulposus
(NP) cells. Tandem mass tag- (TMT-) based quantitative proteomics was exerted to analyze the differentially expressed proteins
(DEPs) and signal pathways among the different groups of NP cells cultured under noncompression, low-compression (LC),
and high-compression (HC) loading. Eight potential protective bioregulators for the NP cell survival under different
compression loading were predicted by the proteomics, among which macrophage migration inhibitory factor (MIF) and
oxidative stress-related pathways were selected for further evaluation, due to its similar function in regulating the fate of the
cartilage endplate- (CEP-) derived cells. We found that deficiency of MIF accentuates the accumulation of ROS, mitochondrial
dysfunction, and senescence of NP cells under overloaded mechanical compression. The potential molecular mechanism
involved in this process is related to the mitophagy regulating role of MIF. Our findings provide a better understanding of the
regulatory role of mechanical compression on the cellular fate commitment and matrix metabolism of NP, and the potential
strategies for treating disc degenerative diseases via using MIF-regulating agents.

1. Introduction

Intervertebral disc (IVD) degeneration, which can result in
low back pain (LBP), instability, and deformity of the spine,
has been recognized as the leading cause of degenerative
spine disease [1]. The human IVD consists of three compart-
ments: nucleus pulposus (NP), annulus fibrosus (AF), and
cartilage endplate (CEP), which connects the adjacent bony
vertebral bodies. NP tissue is a type of gelatinous structure,
containing collagen fibrils and proteoglycan molecules [2].

NP cell is responsible for the synthesis of the functional
extracellular matrix (ECM) components (mainly aggrecan
and collagen type II) in the core region of the disc, which
firstly reveals apoptosis- and/or senescence-like changes dur-
ing the process of IVD degeneration [2]. In the degenerative
intervertebral disc, the senescent NP cells accumulate and
result in weakened proliferation, compromised self-repair,
increased organellar dysfunction, and enhanced breakdown
of functional ECM [3, 4]. Hence, a potential strategy for
treating IVD degeneration is to alleviate or retard the
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apoptosis- and/or senescence-like changes of NP cells by reg-
ulating the potential signaling molecules or pathways
involved in the degeneration process.

It is commonly held that the overloaded compressive
force applied to the IVD is the leading cause of IVD degener-
ation [4–6]. The prior studies reported that the physiological
intensity (0.35-0.75MPa) of compression loading acted as an
anabolic factor for the NP and AF cells, owing to the stimu-
lation of proteoglycan synthesis. In contrast, excessive com-
pression (≥1MPa) aggravated the catabolic metabolism of
proteoglycan of NP and AF cells [7, 8]. Noticeably, our previ-
ous studies also elucidated the function of graded compres-
sion loading in controlling NP cell survival and proved that
overloaded mechanical compression markedly exacerbated
degenerative changes of the NP [5, 6, 9, 10]. Although the
molecular mechanism involved in the compression loading-
associated biological behavior changes of NP cell remains
unclear, most studies point that the overloaded
compression-induced apoptotic and senescent changes of
NP cell are related to the intracellular oxidative damage trig-
gered by mechanosensing factors, such as the integrins and
cadherins [5, 6, 11–13]. Therefore, it is meaningful to explore
the potential bioregulators and signaling pathways involved
in the compression-associated biological changes of NP cell.

Hence, in the present study, we used the human NP cells
isolated from a surgical excisional IVD in a patient who suf-
fered lumbar vertebral fracture (LVF) as the investigated sub-
ject. The NP cells, seeding in the methacrylamide-modified
gelatin (GelMA) hydrogels, commonly used scaffolds for
3D cell culturing, were cultured in our self-developed com-
pression loading bioreactor under the dynamic graded com-
pression loading for 2 weeks, referring to our previous study
[5]. After that, we analyzed the apoptosis- and senescence-
like changes of the NP cells and determined 5% deformation
of the hydrogel as the low-compression (LC) loading and
20% deformation of the hydrogel as the high-compression
(HC) loading for the NP cells. We further used tandem mass
tag- (TMT-) based quantitative proteomics to analyze the
differentially expressed proteins (DEPs) among the different
NP cells cultured under noncompression, LC, and HC load-
ing compression. Analysis of the DEPs, Gene Ontology
(GO), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment predicted eight potential protective
bioregulators for the NP cell survival under overloaded com-
pression, among which macrophage migration inhibitory
factor (MIF) and oxidative stress-related pathways were fur-
ther evaluated in vivo and in vitro, due to its similar function
in regulating the fate of the human CEP-derived cells [14].
Moreover, the recombinant lentiviral vector construct con-
taining MIF short hairpin RNA (shRNA) was used to estab-
lish the MIF knockout (MIF-KO) NP cells to further
determine the protective function of MIF in NP cells that
suffered overloaded compression.

2. Material and Methods

2.1. Source of the Human NP Sample. For the better homoge-
neity of the samples prepared for the proteomics analysis, the
experimental NP samples in this study were obtained from a

32-year-old, female patient who suffered lumbar vertebral
fracture (LVF) and admitted to the orthopedics department
of our hospital. The patient received the discectomy surgery
and donated the excisional IVD tissue for experimental
research. The patient declared no documented medical his-
tory of LBP before suffering the LVF. The preoperative
MRI scans of the patient revealed that the excisional IVD
was graded in Pfirrmann II (normal or mild degeneration),
according to the Pfirrmann classification system (Supple-
mental Figure 1) [15]. Informed consent was obtained from
the patient, and the researching procedure complied with
approval from the ethics committee of the Third Affiliated
Hospital of Chongqing Medical University.

2.2. Isolation of the Primary Human NP Cells. The primary
human NP cells were isolated as follows [5]. The NP tissue
was carefully separated from the excisional IVD and washed
by phosphate-buffered saline (PBS) five times in the tissue
culture dishes (Jet Biofil, China). Then, the tissue was minced
into flocculent pieces and digested in 0.2% type II collagenase
(Sigma, USA) for 4 hours, following 0.25% trypsin (Gibco,
USA) digestion for 30 minutes. The DMEM/F-12 medium
(Gibco, USA) containing 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA)
was used to neutralize the digesting solution. The collected
suspension was centrifuged at 1200 rpm for 8-10 minutes.
Finally, the collected NP cells were resuspended by the com-
pleted culture medium and seeded into flasks (Jet Biofil,
China), incubated at 37°C with 5% CO2. Culturing media
were replaced every four days.

2.3. GelMAHydrogel Synthesis and Preparation. In brief, 10%
(w/v) of gelatin from porcine skin (Sigma, USA) was dis-
solved in 1x PBS. The methacrylic anhydride (Aladdin,
China) was added to the gelatin solution in a dropwise man-
ner when the solution was heated to 60°C. The reaction was
allowed to proceed for 4 hours at 60°C before being stopped
using a 5x PBS dilution. The resulting solution was dialyzed
against distilled water using a 12-14 kDa dialysis tubing
(Thermo Fisher, USA) at 60°C for 5-7 days with two water
changes per day. The solution was then stored at −20°C for
24 hours and lyophilized for 72 hours before use.

2.4. Establishment of the 3D NP Cell Culturing Network. The
NP cells were encapsulated in GelMA hydrogel for 3D cultur-
ing and compression loading. The cell encapsulation proce-
dure was performed according to our previous study [5]. In
brief, the cells at passage II were trypsinized with 0.25% tryp-
sin (Gibco, USA) for 2 minutes, and the collected cell
suspension was then centrifuged at 1200 rpm for 5 minutes.
The centrifuged cell pellets were then mixed with the GelMA
hydrogel precursor (1 × 107 cells/mL). After that, the mixture
suspension was pipette into a self-made mold
(diameter = 1 cm, thickness = 0:5 cm) and exposed to the
UV light (360 ± 5 nm, 850mW) for about 1 minute at a dis-
tance of 8-10 cm to construct the 3D NP cell culturing net-
work. The cell-encapsulated GelMA hydrogels were
incubated in the dishes (Jet Biofil, China) for three days
before the compression performing regime in the bioreactor.
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2.5. Mechanical Compression Exerting Protocol. During the
compression performing regime, the cell-encapsulated
hydrogel was moved to the culturing chamber of our bioreac-
tor and cultured for two weeks. Simultaneously, we set the
pressure apparatus to provide intermittent compression load.
Particularly, the cell-encapsulated GelMA hydrogel was
exerted bionic compression (1.0Hz, 4 hours/day) in the
chamber at 0%, 5%, 10%, and 20% compressive deformation.
The compression loading-treated cells used for the follow-
ing tests were washed out from the hydrogel scaffold via
type II collagenase (0.2%, Sigma, USA) digestion for 5
minutes at 37°C.

2.6. Senescence-Associated β-Galactosidase (SA-β-Gal)
Staining. SA-β-Gal staining was usually used for detecting
the cell senescence. Briefly, treated samples were fixed with
paraformaldehyde (concentration = 0:2%) for 20 minutes at
room temperature. The paraformaldehyde was removed
from the cells, and then, the cells were stained with X-gal
solution overnight at 37°C. The percentage of the senescent
cells (green stained) was observed by optical microscopy
(Olympus, Japan).

2.7. Live/Dead Assay. The cell viability was detected by the
LIVE/DEAD Assay Kit (Invitrogen, USA). In brief, the sam-
ples were washed with PBS thrice and incubated with 1mL of
PBS containing 4mM EthD-1 and 2mM calcein AM for 30
minutes at 37°C. Then, the washed samples were observed
and imaged via fluorescence microscopy (Leica, Germany).

2.8. Determination of Cell Apoptosis. The apoptosis of the NP
cells was detected using flow cytometry-based Annexin V/PI
double-staining. In brief, the cells were washed thrice with
PBS and resuspended in 100μL binding buffer with 5μL
Annexin V-FITC and 5μL PI for 30 minutes protected from
light. The early apoptotic cells contained Annexin V+/PI−,
the late apoptotic cells contained Annexin V+/PI+, and the
normal cells contained Annexin V−/PI−. The early- and
late-stage apoptotic cells were counted, and the results were
expressed as a percentage of the total apoptotic cell count.

2.9. Protein Extraction and Western Blotting. After being
ground in liquid nitrogen, the samples were lysed with RIPA
lysis buffer containing 1% PMSF (Beyotime, China) for 30
minutes at 4°C. The lysates were centrifuged (12,000 rpm, 8
minutes) at 4°C. After determining protein concentration,
the qualified protein samples spread in SDS-polyacrylamide
gel electrophoresis and transferred to a PVDF membrane
band by electroblotting. The PVDF membrane bands were
then incubated with the primary antibodies (anti-nitrotyro-
sine (NT), anti-MIF, anti-LC3, anti-P62, anti-PINK1 (1 :
1000; Abcam, UK), anti-P53, anti-P21, anti-P16, anti-aggre-
can, anti-collagen II, anti-β-actin (1 : 500; Proteintech,
China), and anti-Parkin (1 : 1000; Cell Signaling, USA)) over-
night at 4°C. After the bands were washed with Tris-Buffered
Saline with Tween (TBST) thrice, they were then incubated
with the fluorescent secondary antibody for 80 minutes.
Being washed with TBST thrice, the intensity of the proteins
was determined and analyzed by Image Lab software (Bio-
Rad, USA).

2.10. TMT-Based Quantitative Proteomics. The TMT-based
quantitative proteomics for this work was commissioned by
Majorbio Bio-pharm Technology (Shanghai, China) for test-
ing. In brief, we exerted mechanical compression to the NP
cell-encapsulated hydrogels for two weeks using our self-
developed bioreactor according to the compression perform-
ing regime. The treated samples were then divided into three
groups based on the compressive deformation of the NP cell-
encapsulated hydrogels: the control group—cultured in
chambers but unloaded throughout, the LC loading
group—loaded with 5% deformation, and the HC loading
group—loaded with 20% deformation. Four copies of the
samples (test pair n = 3, backup pair n = 1) were collected.
After quick freezing in liquid nitrogen, the samples were
stored in drikold and sent to the testing laboratory of Major-
bio Bio-pharm Technology. After finishing the quality
assessment, proteolysis, peptide labeling, peptide separation,
Nano Liquid Chromatography-Mass Spectrometry/Mass
Spectrometry (LC-MS/MS) analysis, and other steps of
TMT proteomics, the analyzed data were uploaded on the
online Majorbio Cloud Platform (https://cloud.majorbio
.com). The thresholds of fold change (>1.2 or <0.83) and P
value < 0.05 were used to identify DEPs. Annotation of all
identified proteins was performed using GO (http://www
.blast2go.com/b2ghome, http://geneontology.org/) and
KEGG pathway (http://www.genome.jp/kegg/). DEPs were
further used for GO and KEGG enrichment analysis.

2.11. Establishment of the Rat Tail IVD Compressed Model.
All animal procedures were performed under the approval
of the Animal Care and Use Committee at Chongqing Med-
ical University. Twenty 12-week-old female Sprague-Dawley
(SD) rats from 500 ± 5 g were used in the study. Radiographs
were taken to confirm the rat tail IVD levels and heights
under intraperitoneal anesthesia. Rat tail was then fixed with
a self-developed compression loading apparatus between the
8th and 10th caudal vertebrae. An axial force from the distal
side was exerted to produce a compression loading of 1.3
MPa, according to the previous study [16]. The rats were
then divided into three groups based on the compression
loading duration: the sham group—unloaded throughout,
the 2 weeks group—loaded for 2 weeks, and the 4 weeks
group—loaded for 4 weeks.

2.12. Histological Hematoxylin and Eosin (HE) Staining. The
treated samples were harvested and fixed with 4% parafor-
maldehyde, embedded in paraffin, and then cut into 5μm
per section. Then, the sections were stained with hematoxylin
and eosin. The stained sections were observed and scanned
under an optical microscope (Olympus, Japan).

2.13. Alcian Blue Staining. Alcian blue staining was used to
detect the ECM glycosaminoglycan deposition. Briefly, each
tissue section was incubated in 0.2% Alcian blue solution
before rinsing with deionized water. Then, the stained sec-
tions were mounted and observed under an optical micro-
scope (Olympus, Japan).

2.14. MIF Immunohistochemistry (IHC). After rehydration,
tissue sections were blocked by goat serum, treated with
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hyaluronidase (0.8%) for 20 minutes at 37°C, and then incu-
bated with MIF antibody (1 : 100, Abcam, UK) for 60
minutes. After washing in PBS, biotinylated secondary anti-
body (1 : 100, Dako, Denmark) was applied for 30 minutes,
washed in PSB, and treated with avidin-biotin complex
reagents. Colour was developed using 3,3-diaminobenzidine
reagents (Dako, Denmark), and the sections were counter-
stained with Harris’s hematoxylin. The average optical
density (AOD) of five randomly selected visual fields (per
immunohistochemical slice) under high magnification
(400x) was measured using the ImageJ analysis system.

2.15. NP Cell Transfection. For knockout of the endogenous
MIF in NP cells, shRNA targeting MIF (MIF-shRNA (Santa
Cruz Biotechnology, Dallas, TX, U.S.A.)) was transfected
into cells by using a recombinant lentiviral vector (Gene-
Chem, Shanghai, China). For transfection, cells were seeded
into a 6-well plate (Jet Biofil, China), incubated for 24h,
and then transfected according to the manufacturer’s
instructions. In brief, the cells were transfected with lentivi-
rus (multiplicity of infection = 50) for three days. After deter-
mining the efficacy of transfection by a fluorescent
microscope, the transfected cells were subcultured and
seeded in the hydrogels for the subsequent experiments.

2.16. Detection of Intracellular Reactive Oxygen Species (ROS)
Content. Intracellular ROS content was detected by fluores-
cent DCFH-DAmolecular probe staining (Beyotime, China).
Briefly, 10mg DCFH-DA molecular probes were added into
a 1mL basic medium without FBS to prepare the working
solution. After that, the cells were incubated in a 6-well plate
(Jet Biofil, China) with molecular probe working solution at
37°C for 20 minutes. Then, the cells were collected and the
fluorescent intensity was determined by a flow cytometer
under 488 nm excitation wavelength and 525nm emission
wavelength.

2.17. Determination of Mitochondrial Membrane Potential
(ΔΨm). JC-1 fluorescent molecular probe staining (Beyo-
time, China) was performed to determine the cell ΔΨm,
according to the manufacturer’s protocol. In brief, after being
washed with PBS thrice, 1mL basic medium was added to
each 6-well plate (Jet Biofil, China). Alive cells were
immersed in 1mL of prepared JC-1 molecular probe working
solution and incubated for 30 minutes at 37°C. After being
washed with precooled JC-1 1x washing buffer thrice, ΔΨm
was detected by laser scanning confocal microscopy (LSCM.
Zeiss 780, Germany). The JC-1 molecular probes’ fluores-
cence intensity ratio was then quantified by the ImageJ
system.

2.18. Colocalization of Mitochondria and Autophagosomes.
The intracellular mitophagy initiation was evaluated by the
fluorescent colocalization of mitochondria and autophago-
somes. NP cells were transiently transfected with GFP-LC3
(Beyotime, China). MitoTracker Red (Beyotime, China)
was used to label the mitochondria in cells, which carries a
thiol-reactive chloromethyl group that covalently binds to
the reduced thiols that present mitochondrial matrix protein.

The numbers of total colocalizing GFP-LC3 puncta per cell
(mitophagosomes) were counted using ImageJ.

2.19. Transmission Electron Microscopy (TEM) Observation.
TEM is the most reliable approach for monitoring autophagy
[17]. The NP cells were collected and immersed in 0.1M
sodium cacodylate buffer at room temperature for 12 hours.
The ultrathin 50 nm sections were cut by using an ultrami-
crotome, stained with 2% (w/v) uranyl acetate and lead cit-
rate, and then visualized and captured with a TEM machine
(Hitachi, Japan).

2.20. Statistical Analysis.All data were analyzed using Graph-
Pad Prism (version 6.0, GraphPad Software, USA) and
presented as mean ± standard deviation with n = 3. The
thresholds of fold change (>1.2 or <0.83) and P value <
0.05 were used to identify DEPs. A two-tailed Student’s t
-test was used to assess the statistical significance of the mea-
surement data (P value < 0.05).

3. Results

3.1. Effects of Graded Mechanical Compression on Cell
Senescence, Viability, and ECM Synthesis of the Human NP
Cells Cultured in a Bioreactor.Our previous studies evaluated
that overloaded compressive force applied to IVD could lead
to disc degeneration [5, 6, 9, 10], whereas proper physiologi-
cal pressure is beneficial for maintaining the cell viability of
NP [18]. Our previous studies verified that mechanical
compression-induced hydrogel deformation could effectively
imitate the in vivo loading situation of the NP cell or mesen-
chymal stem cell (MSC) [5, 19]. Thus, we cultured the NP
cell-encapsulated GelMA hydrogels and imitated the in vivo
compression situation using our self-developed compression
loading bioreactor (Figure 1(a)). The SA-β-Gal staining was
used to determine the degree of NP cell senescence in each
group. The result revealed that the proportion of positive cell
was significantly increased in the group that exerted HC
loading (≥10% deformation), but not in the LC loading group
(≤5% deformation) (Figures 1(b) and 1(c)). The result of the
fluorescent Live/Dead staining also indicated that the death
ratio of the NP cells was markedly enhanced by over 10%
gel deformation (Figures 1(d) and 1(e)). However, LC load-
ing did not increase the death ratio of the NP cells
(Figures 1(d) and 1(e)). Flow cytometry was utilized to detect
the cell apoptosis rate, and the result also indicated that apo-
ptosis of the NP cell was significantly enhanced by HC load-
ing, but not in the LC loading group (Figures 2(a) and 2(b)).
Additionally, western blotting results revealed that the
senescence-associated markers (P53, P21, and P16) were
strongly overexpressed in NP cell that suffered HC loading,
which was consistent with the results of SA-β-Gal staining
(Figures 2(c) and 2(d)), whereas the synthesis of functional
ECM components (aggrecan and collagen type II) was signif-
icantly inhibited by HC loading, but not in the LC loading
group (Figures 2(c) and 2(d)).

3.2. DEPs and Pathways of the Human NP Cells That Exerted
Graded Mechanical Compression Loading Were Analyzed by
TMT-Based Quantitative Proteomics. For further analysis of
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the potential functional factors involved in the progress of
compression-associated NP cell survival and senescence,
the DEPs of the samples, respectively, that suffered nonload-
ing (control), LC loading (5% deformation), and HC loading
(20% deformation) were evaluated by TMT-based proteo-
mics analysis (Figure 3). Among the 324 DEPs, 104 proteins
were upregulated and 220 proteins were downregulated in
the LC loading group compared with the control group
(Figure 4(a), Supplemental Table 1). There were 427
overexpressed proteins and 377 underexpressed proteins in
the HC loading group compared with the control group
(Figure 4(a), Supplemental Table 2). Moreover, there were

1109 overexpressed proteins and 779 underexpressed
proteins in the HC loading compression group compared
with the LC loading group (Figure 4(a), Supplemental
Table 3). Depending on the aforementioned experimental
results, we speculated that the intersection of the
overexpressed proteins in the LC loading group and the
underexpressed proteins in the HC loading group might
play as protective factors for NP cell survival. In contrast,
the intersection of the underexpressed proteins in the LC
loading group and the overexpressed proteins in the HC
loading group might play as adverse factors for NP cell
survival. Thus, we further analyzed the protein clusters and
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Figure 1: Effects of graded mechanical compression on cell senescence and viability of the human NP cells cultured in a bioreactor: (a) NP
cell-encapsulated hydrogels cultured in chambers were dynamically compressed with 0%, 5%, 10%, and 20% deformation for 2 weeks, and the
units of our self-developed bioreactor include (1) tissue culture chambers and compression loading application device; (2) substance
exchanger peristaltic pumps; (3) medium container; and (4) pH, PO2, and PCO2 sensor. (b) The cell senescence degree of the NP cells that
exerted graded compression loading was analyzed by SA-β-Gal staining (100x). (c) Statistic analysis of the SA-β-Gal positive rate of the
NP cells that exerted graded compression loading. (d) The NP cell viability was analyzed by fluorescent Live/Dead staining (100x). (e)
Statistic analysis of the cell Live/Dead rate of the NP cells that exerted graded compression loading. ∗P < 0:05. #P > 0:05. Scale bar = 100 μm.
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Figure 2: Continued.
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predicted 8 potential protective factors and 3 potential
adverse factors for NP cell survival (Figures 4(b) and 4(c)).
Among the 8 potential protective factors, MIF was selected
for further study due to its reported role in regulating the
fate of the human CEP cells [14]. In addition, the GO and
KEGG enrichment analysis indicated that compression
loading affected the fate commitment of NP cell via
regulating oxidative stress-associated pathways (ATP
biosynthetic process and oxidative phosphorylation)
(Figures 4(d) and 4(e)).

3.3. Effects of Overloaded Compression on Biological Behavior
and MIF Expression of the Rat Tail NP Tissue. To further ver-
ify the relationship between the expression of MIF and com-
pression loading-associated NP degeneration, we conducted
a rat tail IVD overloaded compression model (Figure 5(a))
to detect the classification of IVD degeneration and MIF
expression referring to the previous study [16]. The MRI
T2-weighted image of the compressed rat tail IVD indicated
that the NP tissue that revealed the sign of degeneration
(darkened tissue signal) occurred under 2-week overloaded
compression and deteriorated under 4-week overloaded
compression (Figures 5(b) and 5(c)). Additionally, the mor-
phology analysis by HE staining also showed moderate and
severe degenerative signs (loss of NP and increase in wavi-
ness of the fibrocartilage lamellas of AF) of the compressed
rat tail IVD in 2 weeks and 4 weeks according to the Masuda
classification [20] (Figures 5(d) and 5(e)). The result of
Alcian blue staining also revealed that the content of glycos-
aminoglycans was gradually declined by prolonging the
duration of IVD compression (Figures 5(f) and 5(g)). Notice-
ably, the MIF expression was upregulated in the moderate
degenerative NP that suffered 2-week compression but

downregulated in the severe degenerative NP that suffered
4-week compression (Figures 5(h) and 5(i)).

3.4. Deficiency of MIF Exacerbated Oxidative Stress-Induced
Senescence of the Human NP Cell That Suffered Overloaded
Compression. Based on the proteomics data, we further fig-
ured out the molecular mechanism involved in the MIF-
related NP degenerative changes via analyzing the oxidative
stress-associated biomarkers. The cells were transfected with
lentiviral MIF-shRNA to knock out the endogenous MIF
before the analysis of oxidative stress-associated biomarkers.
The SA-β-Gal staining result indicated that MIF-KO did not
affect the senescence rate of the NP cells, but HC loading sig-
nificantly aggravated the senescence of NP cells (Figures 6(a)
and 6(b)). However, MIF-KO further exacerbated the HC
loading-induced senescence of NP cells (Figures 6(a) and
6(b)). Flow cytometry was then used to analyze the content
of intracellular ROS in NP cells marked by DCFH-DA
molecular probes, and the result revealed that knockout of
MIF alone did not induce the accumulation of ROS. How-
ever, HC loading did increase the content of ROS in NP cells,
and MIF-KO markedly exacerbated the ROS content of the
HC loading-treated NP cells (Figures 6(c) and 6(d)). In addi-
tion, the western blot analysis revealed that the expression of
MIF was markedly eliminated by MIF-KO, but the expres-
sion of senescence-associated markers (P53, P21, and P16)
and oxidative stress-related marker (NT) was not affected
by MIF-KO (Figures 6(e) and 6(f)). HC loading depressed
the expression of MIF compared with the control group
and markedly enhanced the P53, P21, P16, and NT expres-
sion. Similarly, knockout of MIF in HC loading-treated NP
cells further aggravated the expression of senescence-related
and oxidative stress-related markers (Figures 6(e) and 6(f)).
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Figure 2: Effects of graded mechanical compression on cell apoptosis, senescence, and ECM homeostasis of the human NP cells cultured in a
bioreactor: (a) the early- and late-apoptosis rate of the NP cells that exerted graded compression loading was analyzed by flow cytometry. (b)
Statistic analysis of the apoptosis rate of the NP cells that exerted graded compression loading. (c) Western blotting analysis of the expression
level senescence-associated markers (P53, P21, and P16) and main ECM functional components (aggrecan and collagen type II) of the NP
cells that exerted graded compression loading. (d) Statistic analysis of the western blots of the NP cells that exerted graded compression
loading. ∗P < 0:05. #P > 0:05.
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3.5. Deficiency of MIF Accentuates Oxidative Stress-Induced
Senescence of the NP Cell under Overloaded Compression
via Depressing Mitophagy. As the major organelle for ATP
biosynthetic process and oxidative phosphorylation, the
mitochondrion is also the main ROS generating and attack-
ing component of cells [21]. Our previous studies confirmed
that mitophagy could alleviate the oxidative stress-induced
senescence of NP cell via recycling the injured mitochondria
[5, 22]. In terms of our prior studies and the present GO and
KEGG enrichment analysis, we further observed the
mitophagy-associated markers in the current study. The
western blotting result indicated that both MIF-KO and
treatment of HC loading could downregulate the expression
of PINK1 and LC3II/I and upregulate the expression of Par-
kin and P62, which were symbols of the block of mitophagy
(Figures 7(a) and 7(b)). Noticeably, knockout of MIF in HC
loading-treated NP cells further exacerbated the restraint of
mitophagy-related markers (Figures 7(a) and 7(b)). The JC-
1 green/red fluorescence ratio is usually used for evaluating
the state of the mitochondrion [5]. The JC-1 staining result
indicated that knockout of MIF alone did not cause mito-
chondrial damage, but HC loading aggravated mitochondrial
damage in NP cells (Figures 7(c) and 7(d)). Moreover, the

MIF-KO NP cells treated with HC loading had the highest
JC-1 green/red fluorescence ratio, indicating that deficiency
of MIF exacerbated accumulation of the damaged mitochon-
dria induced by the HC loading (Figures 7(c) and 7(d)). To
further investigate the mitophagy at various stages, NP cells
were transfected with a plasmid encoding GFP-LC3 and
incubated with MitoTracker Red to label autophagosomes
and mitochondria, respectively. We found that mitochondria
in the control group were filamentous and interconnected as
a network. Exerting overloaded compression alone enhanced
the formation of GFP-LC3 puncta, and a few were costained
with mitochondria, which exhibited as short rods or spheres
with the network breakdown (Figures 8(a) and 8(c)). Addi-
tionally, MIF-KO decreased the amount of colocalizing
GFP-LC3 puncta significantly (Figures 8(a) and 8(c)). Fur-
thermore, we observed the amount and morphology of the
mitochondria and autophagosomes in the NP cells via
TEM. As is shown in Figure 7(e), mitochondria of the NP
cells in control and MIF-KO groups maintained the normal
morphology and structure, whereas in the HC loading-
treated NP cells, the mitochondria appeared shrunken with
enhanced membrane density (Figure 8(b)). In addition, the
HC loading-treated cell exhibited more autophagosomes,
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Figure 3: Schematic workflow of the TMT quantitative proteomics procedure: NP cell-encapsulated hydrogels cultured under dynamical
compression with 0% (control), 5% (low-compression loading), and 20% deformation (high-compression loading) for 2 weeks, and
protein extracts were labeled with 10-plex TMT reagent. Peptides were analyzed via LC-MS/MS, and the raw data for protein
identification and relative quantification were analyzed by Proteome Discoverer.
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Figure 4: TMT-based quantitative proteomics analyzed the differentially expressed proteins and pathways of the human NP cells that exerted
graded mechanical compression loading: (a) the volcano plots revealed the DEPs of the NP cell-encapsulated hydrogels cultured under
dynamical compression with 0% (control), 5% (low-compression loading), and 20% deformation (high-compression loading). (b) The
Venn diagrams revealed the potential protective proteins (upregulated under low-compression loading but downregulated under high-
compression loading) and adverse proteins (downregulated under low-compression loading but upregulated under high-compression
loading) of the NP cells that suffered mechanical compression. (c) The heat map revealed part of the DEPs among the 0% (control), 5%
(low-compression loading), and 20% deformation (high-compression loading) groups. (d) GO analysis of the DEPs between low-
compression loading and high-compression loading groups revealed that the top enriched biological process was ATP biosynthetic
process. (e) KEGG enrichment analysis of the DEPs between low-compression loading and high-compression loading groups revealed that
the top enriched pathway was related to oxidative phosphorylation. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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surrounding double-membrane mitochondrion-like seg-
ments, in its cytoplasm (Figure 8(b)). However, the MIF-
KO NP cells treated with HC loading did not appear typical
autophagosome in its cytoplasm (Figure 8(b)). Thus, the
results above indicated that deficiency of MIF did retard the
mitophagy of NP cells.

4. Discussion

Mass studies evaluated that the compressive force applied to
the IVD played as a major regulator for the biological behav-
ior of IVD cells, but the particular molecular mechanisms
involved in this regulating process are still controversial.
Our prior studies elucidated the biological responses of
IVD cells to graded mechanical compression loading via
establishing the compression-loaded perfusion culture
models of IVD cell-encapsulated hydrogels and tissues [5,
6, 9, 10]. In the present study, we analyzed the apoptosis-
and senescence-like changes of the human NP cells under
graded dynamic compression loading and evaluated that
LC loading did not lead to NP cell degenerative changes. In
contrast, HC loading did cause cell apoptosis, senescence,
and breakdown of ECM. For further exploration of potential
regulators and molecular mechanisms involved in this pro-
cess, we exerted TMT-based proteomics, a popular labeling
proteomics method in identifying biomarkers and molecular
mechanisms for several diseases.

Depending on the results of our current and prior studies,
LC loading compression was beneficial for the NP cell sur-
vival and ECM homeostasis, whereas HC loading compres-
sion aggravated NP cell senescence, apoptosis, and
breakdown of ECM [5, 6, 19]. Hence, we speculated that
there might exist protective bioregulators that overexpressed

in NP cells under LC loading compression but lost their func-
tions and underexpressed in NP cells that suffered HC load-
ing compression. Based on this hypothesis, we analyzed the
DEPs among the NP cells cultured under noncompression,
LC, and HC loading compression and predicted eight pro-
teins, which might play as potential protective factors for
the NP cell survival under HC loading compression. Among
the eight predicted proteins, MIF, a recognized hypoxic
stress-associated regulator of innate immunity, was selected
for further functional experiments due to its reported similar
role in regulating the fate of the human CEP-derived cells
[14]. Then, we tested the expression of MIF in both in vitro
NP cell 3D-cultured hydrogels and in vivo rat tail IVD com-
pressed models. The results revealed that the expression of
MIF was markedly attenuated by HC loading in vitro and
overloaded compression in vivo, which were consistent with
the proteomics results.

MIF was first identified as a cytokine released from
immune or nonimmune cells, including IVD and other types
of cartilage cells, which can inhibit the random migration of
macrophages and regulate chondroosteogenesis [14, 23, 24].
Despite its wide distribution, MIF secretion is closely related
to multiple stresses, such as hypoxic, oxidative, and mechan-
ical stresses [23–26]. MIF is thought as the downstream fac-
tor of hypoxia-inducible factor-1 (HIF-1), and the HIF-1
response of the cell is a kind of adaptive response that
improves the chances of survival under hypoxic and/or oxi-
dative stress by restoring oxidative homeostasis [25]. In the
current study, the analysis of GO and KEGG enrichment also
indicated that compression loading affected the fate commit-
ment of NP cells via regulating the ATP biosynthetic process
and oxidative phosphorylation. As the prominent organelle
for ATP biosynthetic process and oxidative phosphorylation,
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Figure 5: Effects of overloaded compression on biological behavior and MIF expression of the rat tail NP: (a) the close-up and X-ray views of
the experimental rat tail IVD under the condition of overloaded compression. (b) The MRI image of the experimental rat tail IVD under the
different duration of overloaded compression. (c) Statistic analysis of theMRI Pfirrmann grade changes of the experimental rat tail IVD under
the different duration of overloaded compression. (d) The HE staining showed the histomorphological changes of the experimental rat tail
IVD under the different duration of overloaded compression. (e) Statistic analysis of the Masuda degenerative score changes of the
experimental rat tail IVD under the different duration of overloaded compression. (f) The Alcian blue staining showed the
glycosaminoglycan content of the experimental rat tail IVD under the different duration of overloaded compression. (g) Statistic analysis
of Alcian blue staining AOD value of the experimental rat tail IVD under the different duration of overloaded compression. (h) MIF IHC
staining of the experimental rat tail IVD under the different duration of overloaded compression. (i) Statistic analysis of MIF IHC staining
AOD value of the experimental rat tail IVD under the different duration of overloaded compression. ∗P < 0:05. #P > 0:05.
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the mitochondrion is also the main targeting organelle for
oxidative stress injury [21]. Noticeably, MIF was reported
to play an essential role in regulating many repair/senes-
cence-associated genes via activating autophagy or mito-
phagy, which is a critical antioxidative stress mechanism to
restore intracellular oxygen homeostasis [25, 27]. Our previ-
ous studies have evaluated that overloaded compression
could trigger oxidative stress-associated mitochondrial dys-
function and induce NP cell senescence, and mitophagy
could alleviate oxidative stress-induced senescent changes
of NP cell that suffered overloaded compression via clearance
of damaged mitochondria. Therefore, we hypothesized that
there might exist a relationship between compression-
associated mitochondrial damage and mitophagy in NP cell.

The mitochondrion is an essential organelle with multi-
ple functions in the maintenance of intracellular environ-
ment homeostasis, not only by regulating ATP production
but also by regulating several signal cascades that control cell
death, differentiation, and senescence [28]. Mitophagy, a par-
ticular form of macroautophagy, can specifically target mito-
chondria for degradation [29, 30]. In this process, a series of
specific receptors or adaptors that mediated pathways were
activated to recruit the autophagic machinery towards dam-

aged mitochondria, engulfed and digested by the autophago-
somes [29, 30]. The aforementioned results of the current
study indicated that HC loading could induce oxidative stress
injury and senescence of the human NP cells. Simulta-
neously, HC loading aggravated mitochondrial dysfunction
but retarded activity of mitophagy in NP cells. When we
knock down the expression of MIF, the activity of mitophagy
was further depressed, which substantially exacerbated the
mitochondrial dysfunction, oxidative stress injury, and
senescence of the NP cells under overloaded compression.
Although mass studies confirmed the mitophagy regulating
role of MIF in various types of cells, the specific regulating
mechanisms involved in this process were still controversial
[27]. The established researches identified and elucidated
two signal pathways of mitophagy: ubiquitin- (Ub-) depen-
dent and Ub-independent (receptor-mediated mitophagy)
[31]. Some study holds that MIF induces mitophagy via
BNIP3-mediated pathway, an Ub-independent manner of
mitophagy [32], while some other holds that MIF is the reg-
ulator of PINK1/Parkin-mediated mitophagy, the most well-
defined Ub-mediated pathway of mitophagy [33]. The results
of our prior and current studies elucidated that overload
compression-associated mitophagy was related to the
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Figure 6: MIF-KO exacerbated oxidative stress-induced senescence of the NP cell that suffered overloaded compression: (a) after MIF-KO
and high-compression loading treatment, the cell senescence degree of the NP cells was analyzed by SA-β-Gal staining (100x). (b) Statistic
analysis of the SA-β-Gal-positive rate of the NP cells. (c) After MIF-KO and high-compression loading treatment, the ROS content of the
NP cells was measured by flow cytometry following DCFH-DA staining. (d) Statistic analysis of the ROS content of the NP cells. (e)
Western blotting analysis of the expression levels of MIF, oxidative stress biomarker NT, and senescence-associated markers (P53, P21,
and P16) of the NP cells. (f) Statistic analysis of the western blots of the biomarkers. ∗P < 0:05. #P > 0:05. Scale bar = 100μm.
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PINK1/Parkin-mediated macroautophagy [5]. Noticeably,
the other series of studies also evaluated that MIF could pro-
tect cardiac cells against overload pressure-induced cardiac
hypertrophy via activating Parkin-mediated macroauto-
phagy or mitophagy [26, 34, 35]. Mitophagy-inducing signal
cascades are relatively distinct but interconnected [31].
Importantly, mitophagy is dependent on the accumulation
of ROS and damaged mitochondria [36]. Deficiency of mito-
phagy accumulates dysfunctional mitochondria that release

ROS into the cytosol and trigger oxidative stress injury [27,
31, 36]. Thus, this is because deficiency of MIF accentuates
the oxidative stress damage and senescence of NP cells that
suffered overloaded mechanical compression.

There were some limitations in the current study. First,
the experimental NP cells in the current study were obtained
from the same donor, due to the homogeneity of samples
prepared for the proteomics analysis. The collection of clini-
cal patients’ IVD samples for the research is ongoing. We

PINK1-66 KD 66 kDa
55 kDa

52 kDa

16 kDa
14 kDa

62 kDa

42 kDa

PINK1-55 KD

Parkin

LC3-I
LC3-II

P62

𝛽-actin

HC

MIF-KO
– – + +
– + – +

(a)

1.0

0.8

0.6

0.4

0.2

0.0
Re

lat
iv

e e
xp

re
ss

io
n 

to
 𝛽

–a
ct

in

PI
N

K1
-5

5 
kD

A

PI
N

K1
-6

6 
kD

A

Pa
rk

in

LC
3I

LC
3I

I

P6
2

⁎

⁎

⁎
⁎

⁎

⁎

⁎

⁎ ⁎

⁎
⁎

⁎
⁎

⁎

⁎

⁎

⁎

⁎

⁎
⁎

⁎

⁎

# #

Control
MIF-KO

HC
HC+MIF-KO

(b)

HC HC + MIF-KO

Control MIF-KO

100 𝜇m 100 𝜇m

100 𝜇m100 𝜇m

(c)

100

80

60

40

20

0

JC
–1

 g
re

en
/r

ed
 fl

uo
re

sc
en

ce
 ra

tio
 (%

)

Control MIF-KO HC HC+MIF-KO

⁎ ⁎
⁎

#

JC–1 red
JC–1 green

(d)

Figure 7: MIF-KO accentuates oxidative stress-induced senescence and mitochondrial dysfunction of the NP cell: (a) western blotting
analysis of the expression levels of the mitophagy-related markers (PINK1, Parkin, LC3II/I, and P62) of the NP cells. (b) Statistic analysis
of the western blots of the mitophagy-related biomarkers. (c) The mitochondrial membrane potential was observed and measured by
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ratio. ∗P < 0:05. #P > 0:05.
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have planned to carry out more advanced high-throughput
sequencing, such as single-cell sequencing in future studies,
which can conclude larger sample capacity and diminish

the deviation caused by individual differences. Second, the
mechanism behind ROS-induced MIF release remains
elusive, and the current study simply focused on its
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Figure 8: MIF-KO accentuates oxidative stress-induced senescence of the NP cell via depressing mitophagy: (a) mitophagy in NP cells was
determined by observation of GFP-LC3 andMitoTracker Red colabeled autophagosomes and mitochondria. (b) The electron micrographs of
mitochondria and autophagosomes were observed via TEM, and double-membrane profiles resembling pieces of digested mitochondria were
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autophagy-inducing role involved in the progress of mechan-
ical compression-related disc degeneration. Hence, more
researches on the MIF-associated biological changes in the
pathomechanism of disc degeneration will be exerted in our
further studies.

5. Conclusion

In conclusion, our study reveals that overloaded mechanical
compression could induce oxidative stress, mitochondrial
dysfunction, and degenerative changes in human NP cells.
In contrast, proper physiological pressure is beneficial for
maintaining cell viability and ECM homeostasis of the NP.
Moreover, there exists a relationship between MIF expres-
sion and mechanical compression stress-associated biologi-
cal changes of NP cells. The deficiency of MIF accentuates
the accumulation of ROS, mitochondrial dysfunction, and
senescence under overloaded mechanical compression. The
potential molecular mechanism involved in this process is
related to the mitophagy-inducing role of MIF (Figure 9).
This work helps us better understand the regulating function
of mechanical compression stress in the progress of disc
degeneration and provides more substantial proofs for using
MIF-alerting agents in treating disc degenerative diseases.
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Intervertebral disc degeneration (IDD) is the primary culprit of low back pain and renders heavy social burden worldwide.
Pyroptosis is a newly discovered form of programmed cell death, which is also involved in nucleus pulposus (NP) cells during
IDD progression. Moderate autophagy activity is critical for NP cell survival, but its relationship with pyroptosis remains
unknown. This study is aimed at investigating the relationship between autophagy and pyroptotic cell death. The pyroptosis
executor N-terminal domain of gasdermin D (GSDMD-N) and inflammation-related proteins were measured in
lipopolysaccharide- (LPS-) treated human NP cells. Inhibition of autophagy by siRNA transfection and chemical drugs
aggravated human NP cell pyroptosis. Importantly, we found that the autophagy-lysosome pathway and not the proteasome
pathway mediated the degradation of GSDMD-N as lysosome dysfunction promoted the accumulation of cytoplasmic GSDMD-
N. Besides, P62/SQSTM1 colocalized with GSDMD-N and mediated its degradation. The administration of the caspase-1
inhibitor VX-765 could reduce cell pyroptosis as confirmed in a rat disc IDD model in vivo, whereas ATG5 knockdown
significantly accelerated the progression of IDD. In conclusion, our study indicated that autophagy protects against LPS-induced
human NP cell pyroptosis via a P62/SQSTM1-mediated degradation mechanism and the inhibition of pyroptosis retards IDD
progression in vivo. These findings deepen the understanding of IDD pathogenesis and hold implications in unraveling
therapeutic targets for IDD treatment.

1. Introduction

Intervertebral disc degeneration (IDD) is considered as the
primary pathological basis for painful spine diseases. Inter-
vertebral disc (IVD) tissue mainly serves as an intervertebral
junction and buffers mechanical pressure. This sandwich-like
organ is composed of outer annulus fibrosus, inner nucleus
pulposus (NP), and cartilaginous endplates at ends [1]. IDD
is a common musculoskeletal degenerative disease charac-
terized by chronic inflammation and progressive cell death
[2, 3]. The death of resident NP cells accompanied by
extracellular matrix metabolism disorder is closely related
to IDD progression [4]. Different cell death pathways

(i.e., programmed cell death) could be involved in IDD
and interact with each other to accelerate IDD progression
[1]. Therefore, further investigation about the mechanisms
of NP cell death is required and it may provide potential
therapeutic targets for IDD treatment.

Pyroptosis is a form of regulated cell death initiated by
inflammasomes and caspase activation, which induces pore
formation on the plasma membrane and cell swelling or
lysis [5]. Specifically, activation of inflammatory caspases
induces the cleavage of gasdermin D (GSDMD), releasing
the N-terminal domain (GSDMD-N), which leads to cell
membrane perforation and lytic death [6, 7]. The
inflammasome-mediated cell pyroptosis plays a critical role
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in the pathogenesis of various diseases, including cancer,
cardiovascular diseases, and osteoarthritis [8–10]. Previous
studies have indicated that the sustained activation of inflam-
masomes exists during the progression of IDD [11, 12]; how-
ever, the role of NP cell pyroptosis in the pathogenesis of
IDD remains unclear.

Autophagy is a conserved cellular mechanism that assists
cells to adapt and protect themselves in response to stress
[13]. Autophagy contributes to cellular quality control,
including removing damaged proteins and organelles, which
is closely associated with various forms of cell death [14, 15].
Several studies showed that autophagy limits the activation of
inflammasomes and alleviates the secretion of inflammatory
cytokines [16, 17]. It is reasonable to assume that autophagy
regulates the activation of inflammasome and then affects
the outcome of cell pyroptosis. However, the relationship
between cell pyroptosis and autophagy is complicated. Based
on our previous studies, autophagy activation protected NP
cell against stress-induced cell death, whereas autophagy
inhibition promotes cell apoptosis [18, 19]. Therefore, we
assumed that reasonable autophagy activity is beneficial for
NP cell survival and may play a role in regulating inflamma-
some activation and NP cell pyroptosis. The underlying
mechanism of autophagy on regulating cell pyroptosis still
needs to be investigated.

To test our hypothesis and elucidate the underlying
mechanisms, we assessed the relationship between
GSDMD-N and autophagy activation based on the detection
of NP tissue specimens. We further treated NP cells with
lipopolysaccharide (LPS) to establish the cell pyroptosis
model and investigated the effects of autophagy intervention
on NP cells in vitro, as well as in a puncture-induced rat IDD
model in vivo. Our study revealed that autophagy inhibits the
GSDMD-related NP cell pyroptosis and blocks GSDMD-N
release via a P62-mediated degradative mechanism. Accord-
ingly, this study helps to better understand the relationship
between pyroptosis and autophagy during IDD andmay pro-
vide a prospective strategy for IDD therapy.

2. Methods and Materials

2.1. Tissue Collection and Ethic Statement.Human NP tissues
were obtained from patients that underwent intervertebral
fusion surgery due to lumbar fracture or degenerative disc
diseases. According to the magnetic resonance (MRI) images
of patients, the IDD degree was assessed based on the
Pfirrmann MRI-grade system [20]. Usually, Pfirrmann
Grade I or II was considered as nondegenerative IVD (NC),
and Pfirrmann Grade III, IV, or V belongs to degenerative
discs (IDD). The tissue specimens were fixed in 4% formalde-
hyde and used for histological analysis or frozen stored for
protein and RNA analysis. All experimental protocols
including medical records, NP tissue collection, and cell
interventions were approved by the Ethics Committee of
Tongji Medical College, Huazhong University of Science
and Technology.

2.2. Cell Culture. NP cells were isolated and cultured as pre-
viously described [21]. Briefly, NP tissues were cut into pieces

and enzymatically digested in 0.2% type II collagenase. After
filtering and washing with phosphate-buffered saline (PBS),
the suspension was centrifuged to collect the sediment. The
isolated cells in precipitation were cultured in Dulbecco’s
modified Eagle medium containing 15% fetal bovine serum
(Gibco, USA) and 1% penicillin/streptomycin. The culture
medium was replaced twice a week, and cells from the second
passage were prepared for use.

2.3. Western Blot. Cell lysates or milled tissues were treated
with RIPA lysis buffer (Beyotime, China), and proteins were
extracted. The proteins were separated by polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto
PVDF membranes. The membranes were blocked with 5%
skim milk. The primary antibodies used were GSDMD
(Proteintech, 1 : 5000), GSDMD-N (CST, 1 : 1000), caspase-
1 (Proteintech, 1 : 1000), NLRP3 (Abcam, 1 : 1000), LC-3
(CST, 1 : 1000), Beclin-1 (Boster,1 : 1000), P62 (Boster, 1 :
1000), COL2A1 (Proteintech, 1 : 6000), MMP3 (Proteintech,
1 : 4000), and GAPDH (Abcam, 1 : 10000). After incubation
with horseradish peroxidase-conjugated secondary antibod-
ies (Boster, China) and washed with Tris-buffered saline
tween (TBST) buffer, the bands were visualized and detected
using the enhanced chemiluminescence system. The band
intensity value of proteins was calculated using ImageJ
1.52a (National Institutes of Health, USA) and normalized
to GAPDH.

2.4. Evaluation of Cell Pyroptosis. Pyroptosis of NP cells was
evaluated by extracellular lactate dehydrogenase (LDH) level
and staining of caspase-1-related cell death. The activity of
released LDH was assessed by LDH Activity Assay Kit
(Boster, China). To evaluate the double-positive staining of
caspase-1 and PI, the Caspase-1 Assay Kit (Immunochemis-
try Technologies, LCC, USA) was used to detect the caspase-
1 activity and cell death. Cell detection and characterization
were carried out using the FACSCalibur flow cytometer
(BD Biosciences, USA), and data was analyzed by FlowJo X
(Tree Star, USA).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). The NP
cell supernatant was collected and centrifuged, and then,
the contents of TNF-α, IL-1β, and IL-6 were analyzed using
the corresponding ELISA kit (Elabscience Biotechnology,
China) according to the manufacturer’s instructions. The
experiment was performed in triplicates.

2.6. Immunoprecipitation. Cell lysates were treated with 50
mM Tris-HCl, 150mM NaCl, 1mM EDTA, and 1% NP-40
with protease inhibitor cocktail (Beyotime, China). The sam-
ple (500μg) at 4°C was added with 10μL of immunoprecipi-
tation antibody (anti-P62, 1 : 100, Abcam) and incubated for
8 h at 4°C with magnetic beads (MCE, China). Then, the
immunoprecipitates were separated by magnetic adsorption
conducted with western blot assays.

2.7. Immunofluorescence Staining. NP cells were fixed with
4% paraformaldehyde and permeabilized with 0.2% Triton
X-100. The slides were washed in PBS and blocked with
blocking buffer (Beyotime, China) for 1 h. Then, the slides
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were incubated with primary antibodies overnight. The pri-
mary antibodies used were GSDMD-N (CST, 1 : 100), P62
(CST, 1 : 200), and LC-3 (CST, 1 : 200). Nuclei were stained
with DAPI (Beyotime, China) for 5 minutes. Images were
captured under a fluorescence microscope (Olympus, BX53;
Melville, NY). Fluorescence intensity analysis and colocaliza-
tion analysis were performed by ImageJ 1.52a.

2.8. Transmission Electron Microscopy (TEM). NP cells were
fixed in 2.5% glutaraldehyde for 8 h, then postfixed in 2%
osmium tetroxide for 1 h, and stained with 2% uranyl acetate
for 1 h. After dehydration in an ascending series of acetone,
samples were embedded into Araldite. Samples were cut into
ultrathin sections by a slicer (Leica, Germany) and then
stained with toluidine blue. The sections were observed
under a transmission electron microscope (Tecnai G2 20
TWIN, FEI, USA).

2.9. Knockdown Experiments.Knockdown of ATG5 or P62 in
NP cells was carried out by transfection with small interfer-
ing RNA (siRNA). Target siRNA and scrambled siRNA (si-
scr) were synthesized by RiboBio (Guangzhou, China):
ATG5-siRNA sequence 5′-GCUAUAUCAGGAUGAG
AUATT-3′ and P62-siRNA sequence 5′-GUGUGAAUU
UCCUGAAGAATT-3′. The siRNAs were transfected with
Lipofectamine 2000 (Invitrogen) in NP cells according to
the manufacturer’s instructions. Transgenic efficacy in NP
cells was detected using quantitative real-time polymerase
chain reaction (qRT-PCR) at 48 h after transfection.

2.10. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA extracted with Trizol reagent (Invi-
trogen) from NP cells was reverse-transcribed and amplified
by qRT-PCR according to the standard protocols. The qRT-
PCR was performed to quantify GSDMD, ATG5, or P62
mRNA expression levels. The primer sequences were as
follows: Homo GSDMD: forward 5′-GAGCCCAGTGC
TCCAGAA-3′, reverse 5′-TTGCATGATCTCCCAGGT-3′;
Homo ATG5: forward 5′-AAAGATGTGCTTCGAGATG
TGTGGT-3′, reverse 5′-GCAAATAGTATGGTTCTGCTT
CCCT-3′; Homo P62: forward 5′-GGCTGATTGAGTCC
CTCTCCCAGAT-3′, reverse 5′-CGGCGGGGGATGCTTT
GAATACTGG-3′; and Homo GAPDH: forward 5′-TCAA
GAAGGTGGTGAAGCAGG-3′, reverse 5′-TCAAAGGTG
GAGGAGTGGGT-3′. GAPDH was used as an internal con-
trol for normalization.

2.11. Animal Experiments. Sprague-Dawley rats (SD, 2-
month-old, male) purchased from Experimental Animal
Center of Tongji Medical College, Huazhong University of
Science and Technology, were used for animal experiments.
A model of IDD was established by needle puncture as previ-
ously described [20, 22, 23]. Briefly, the rats were anaesthe-
tized with 2% (w/v) pentobarbital (40mg/kg). To set the
disc degeneration model, the IVD of rats (Co 8/9) was punc-
tured with a 20-gauge needle through the tail skin from the
dorsal side. The needle was kept in the disc for 10 s to cause
the injury. The length of the needle was predetermined to

guarantee the puncture depth at approximately 4mm. The
rats were randomly divided into four groups: control group,
the group with the puncture of a 33-gauge needle (Hamilton,
Benade, Switzerland) as a sham group; IDD group, the group
with a 20-gauge needle puncture to induce disc degeneration
and with the injection of PBS (2μL) using a 33-gauge needle;
si-ATG5 group, the group with a 20-gauge needle puncture
and with injection of in vivo ATG5-siRNA (2μL, 20μmol/L,
RiboBio, China) using a 33-gauge needle; and VX-765 group,
the group with a 20-gauge needle puncture and with VX-765
(25mg/kg) via oral gavage. The injection procedure was con-
ducted biweekly whereas the oral gavage weekly.

2.12. Histological Analysis. The discs were harvested one
month after the surgery. These samples were fixed in formal-
dehyde and then decalcified, dehydrated, and embedded in
paraffin. The slides of each disc were stained with
hematoxylin-eosin (HE), Alcian blue, and Masson staining.
Histological grades of discs were evaluated based on the scor-
ing scale [24]. This scale included 5 categories in assessing
disc changes, with 0 points for a normal disc and 15 points
for a severely degenerated disc. For immunohistochemistry
analysis, the sections were deparaffinized and rehydrated.
After blocking with 3% hydrogen peroxide for 10min and
5% bovine serum albumin for 30min successively, the sec-
tions were incubated with the primary antibodies for 8 h at
4°C. The sections were then incubated with an HRP-
conjugated secondary antibody and counterstained with
hematoxylin. The images of immunohistochemistry were
captured, and the positive cells were analyzed using ImageJ
1.52a.

2.13. Statistical Analysis. Data are presented as means ±
standard deviation (SD). Student’s t-test and one-way or
two-way analysis of variance (ANOVA) with Tukey’s post
hoc test were performed to assess the differences of changes
between groups. Statistical significance (∗P < 0:05; ∗∗P <
0:01; ∗∗∗P < 0:001; P > 0:05, ns, no significant difference)
was calculated using GraphPad Prism 8 (La Jolla, CA, USA).

3. Results

3.1. Detection of Autophagy and Pyroptosis Level in Human
and Rat Intervertebral Discs. Histological staining was per-
formed to assess the IDD degree of human and rat normal
and degenerative discs. The corresponding histological
grades based on tissue morphology and cellularity indicated
a higher IDD score in both human and rat IDD groups
(Figure 1(a)). The expression levels of autophagy-initiated
protein ATG5, the pyroptosis executor GSDMD-N, and the
extracellular matrix (ECM) component type II collagen
(COL2A1) were detected by immunofluorescence staining
(Figures 1(b) and 1(c)). The results showed that higher levels
of ATG5 and GSDMD-N were found in degenerative disc tis-
sues (Figures 1(d) and 1(e)). Moreover, protein levels of LC3,
ATG5, GSDMD-N, COL2A1, and matrix degradative
enzyme, MMP3, were measured by western blot in human
IVD tissues (Figure 1(f)). The levels of LC3, ATG5, and
GSDMD-N were all increased significantly in the IDD group
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Figure 1: Continued.
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Figure 1: Histological staining results of human and rat intervertebral discs. (a) HE staining showed the morphology of rat discs and human
NP tissues (upper panel), and histological grades were calculated based on HE staining (lower panel). (b) Immunofluorescence analysis of
ATG5 (red) and type collagen II (green) in rat and human NP tissues. Corresponding fluorescence intensity analysis is listed in the right
panel. Scale bar, 50μm. (c) Immunofluorescence analysis of GSDMD-N (red) and type collagen II (green) in rat and human NP tissues
(left panel) and fluorescence intensity results (right panel). Overlap coefficient based on immunofluorescence results showed the
colocalization relationship of (d) ATG5 and COL2A1 or (e) GSDMD-N and COL2A1. (f) Western blot analysis of ATG5, LC3, GSDMD-N,
COL2A1, and MMP3 in human nondegenerative and degenerative NP tissues and (g) corresponding quantification of protein levels.
NC: nondegenerative discs; IDD: degenerative discs. GAPDH was used as an internal control. Data were presented as the means ± SD,
n = 3. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the NC group.
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(Figure 1(g)). These results suggested that autophagy activity
and pyroptosis levels were both increased in the degenerative
disc tissues.

3.2. Evaluation of GSDMD-Mediated Pyroptosis in LPS-
Treated NP Cells In Vitro. NP cells were treated with LPS, a
typical pyroptotic phenotype inducer, and related proteins

of cell pyroptosis were evaluated (Figure 2(a)). The results
indicated that LPS induced the expression of GSDMD-N,
cleaved caspase-1 (c-caspase1), and NLRP3 in NP cells in a
dose-dependent manner (Figure 2(b)). Besides, it was con-
firmed that GSDMD-N produced plasma membrane pores
and extracellular LDH level was elevated simultaneously
[6]. Extracellular LDH measured by an ELISA kit was
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Figure 2: LPS induced NP cell pyroptosis in vitro in a dose-dependent manner. (a) Western blot analysis of pro-caspase-1, cleaved caspase-1,
GSDMD, GSDMD-N, and NLRP3 in NP cells treated with LPS (0.2 μg/mL, 0.5μg/mL, and 1μg/mL) for 24 h. The control group was treated
with equivalent solvent. (b) Quantification of cleaved caspase-1, GSDMD-N, and NLRP3 protein levels. GAPDH was used as an internal
control. (c) Measurement of LDH activity in LPS-treated NP cells. ELISA analyzed the levels of secreted (d) TNF-α, (e) IL-1β, and (f) IL-6
in LPS-treated NP cells. Data were presented as the means ± SD, n = 3. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the control group.
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Figure 3: Continued.
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increased in LPS-treated NP cells (Figure 2(c)). The secretion
of inflammatory cytokines TNF-α, IL-1β, and IL-6 were also
increased significantly upon LPS treatment (Figures 2(d)–
2(f)). These results showed that LPS promoted the cleav-
age of GSDMD and induced the pyroptotic phenotype in
NP cells in a dose-dependent manner.

3.3. Modulation of Autophagy Activity Affects the Outcome of
Pyroptotic NP Cell Death. The effects of autophagy on NP cell
pyroptosis were assessed by ATG5 knockdown to inhibit
autophagosome formation. The knockdown efficiency was
analyzed at the mRNA level (Figure 3(a)). The autophagy
inhibitor 3-MA and autophagy inducer rapamycin were
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Figure 3: Detection of autophagy activity in NP cells in vitro. (a) The mRNA level of ATG5 in ATG5 siRNA-treated NP cells was analyzed by
qRT-PCR. si-ATG5-1 was used in the following experiments. ∗∗∗P < 0:001 vs. the control group; ns, P > 0:05, no significant difference. (b)
Western blot analysis of LC3, Beclin-1, and P62. LPS-treated (1 μg/mL, 24 h) NP cells were cotreated with 3-MA (10mM, 24 h) or
rapamycin (1 μM, 24 h). Quantification of (c) LC3-II, (d) Beclin-1, and (e) P62 protein levels. GAPDH was used as an internal control. (f)
Immunofluorescence analysis showed the expression level of LC3 and (g) relative mean fluorescence was calculated. Data were presented
as the means ± SD, n = 3. ∗P < 0:05 and ∗∗P < 0:01 vs. the LPS group; ns, P > 0:05, no significant difference. (h) TEM images of NP cells
indicated the number and morphology of autophagosomes (red arrowheads).
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Figure 4: Impaired autophagy activity aggravated LPS-induced NP cell pyroptosis in vitro. (a) Western blot analysis and quantification of
NLRP3, cleaved caspase-1, and GSDMD-N protein levels. GAPDH was used as an internal control. (b) Measurement of extracellular LDH
activity in NP cells. (c) ELISA analysis assessed the levels of secreted TNF-α, IL-1β, and IL-6. (d) Flow cytometry analyzed the pyroptotic
cells, which were double positive of activated caspase-1 and PI. (e) The rate of double-positive cells was calculated. (g) Double
immunofluorescence analysis showed the expression level of LC3 (red) and GSDMD-N (green). Scale bar, 50 μm. (f) The relative mean
fluorescence in each group was calculated. Data were presented as the means ± SD, n = 3. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the
corresponding LPS group; ns, P > 0:05, no significant difference.
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used, and the expression levels of autophagy markers LC3-II,
Beclin-1, and P62 were assessed by western blotting
(Figures 3(b)–3(e)). Immunofluorescence analysis of LC3-II
also revealed the number of autophagosomes (Figures 3(f)
and 3(g)). TEM images indicated the number and morphol-
ogy of autophagosomes in different groups (Figure 3(h)).
On the other hand, the expression levels of pyroptosis-
associated proteins were measured in NP cells (Figure 4(a)).
The GSDMD-N, NLRP3, and c-caspase1 expression levels
were increased by ATG5 siRNA or 3-MA treatment but
reduced by rapamycin treatment. These profiles were consis-
tent with the activity of released LDH and the secretion of
inflammatory cytokines (Figures 4(b) and 4(c)). To further
assess the NP cell pyroptosis, the cell rates of activated
caspase-1 and PI double-positive were analyzed by flow
cytometry (Figures 4(d) and 4(e)). Besides, immunofluores-
cence analysis of GSDMD-N indicated the NP cell pyroptosis
in different groups (Figures 4(f) and 4(g)). These results indi-
cated that autophagy inhibition aggravated the LPS-induced
NP cell pyroptosis, and autophagy activation ameliorated cell
pyroptosis.

3.4. Autophagy Mediates NP Cell Pyroptosis via a
Degradation Mechanism of GSDMD-N. The autophagy-
lysosome degradation pathway is indispensable for control-
ling cellular protein quality [25]. Cytoplasmic damaged pro-
teins are selected and mediated by specific receptors, such as
P62/SQSTM1, which regulates selective degradation via
autophagy [26]; however, the role of the autophagy-
lysosome pathway in pyroptosis is still unclear. Knockdown
of P62 was realized by siRNA, and the efficiency was analyzed
accordingly (Figure 5(a)). Chloroquine (CQ) was used to

inhibit lysosome function in LPS-treated NP cells. Both si-
P62 and CQ treatment increased the expression levels of
NLRP3, c-caspase1, and GSDMD-N (Figure 5(b)), results
that were in agreement with the activity of released LDH
and the secretion of inflammatory cytokines (Figures 5(c)
and 5(d)). The rate of pyroptotic cell death was higher in
the si-P62 and CQ group than in the control group
(Figure 5(e)). Moreover, cotreated si-P62 and CQ in NP cells
showed a markedly higher cell pyroptosis rate (Figure 5(f)).
Immunofluorescence analysis of LC3 and P62 reflected
the dynamic changes of autophagy flux in NP cells
(Figures 5(g) and 5(i)). Besides, impaired lysosome function
significantly increased the level of cytoplasmic GSDMD-N
(Figures 5(h) and 5(j)). These results indicated that autoph-
agy regulated the degradation of GSDMD-N and blockage
of the autophagy-lysosome pathway increased the accumula-
tion of cellular GSDMD-N.

3.5. P62-Mediated Selective Degradation of GSDMD-N during
NP Cell Pyroptosis. To further confirm the role of
P62/SQSTM1 as an autophagy receptor in GSDMD-N degra-
dation, immunoprecipitation analysis was performed to
assess the integration of P62 and GSDMD-N (Figure 6(a)).
Immunofluorescence results also indicated the colocalization
between P62 and GSDMD-N (Figure 6(b)). The protein level
of GSDMD-N in the si-ATG5 group was higher than in NP
cells treating with si-scr (si-scr group), while the level of
GSDMD mRNA was not significantly different between the
two groups (Figure 6(c)). Colocalization analysis showed a
decreased overlap coefficient in the si-ATG5 group, indicat-
ing that autophagy activity could influence the colocalization
between P62 and GSDMD-N (Figure 6(d)). To further
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Figure 5: Dysfunction of the autophagy-lysosome pathway promoted the accumulation of cytoplasmic GSDMD-N. (a) The mRNA level of
P62 was analyzed by qRT-PCR, and si-P62-3 was selected in the following experiments. ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. the control group; ns,
P > 0:05, no significant difference. (b) Western blot analysis and quantification of P62, NLRP3, cleaved caspase-1, and GSDMD-N. (c)
Measurement of extracellular LDH activity. (d) ELISA analyzed the levels of secreted TNF-α, IL-1β, and IL-6. (e) Flow cytometry analyzed
the double-positive cell of activated caspase-1 and PI and (f) calculated the rate of double-positive cells. (g) Immunofluorescence analysis
of LC3 (red) and GSDMD-N (green) and (h) the relative mean fluorescence in each group was calculated. (i) Immunofluorescence
analysis of P62 (red) and GSDMD-N (green) and (j) the relative mean fluorescence in each group was calculated. Scale bar, 50 μm. Data
were presented as the means ± SD, n = 3. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the corresponding LPS group; ns, P > 0:05, no
significant difference.
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Figure 6: P62 mediated GSDMD-N degradation via an autophagy-lysosome pathway. (a) Immunoprecipitation for P62 was conducted to
detect the integration of P62 and GSDMD-N. IgG was as a negative control. WCL: whole cell lysate. (b) Confocal images of GSDMD-N
(green) and P62 (red) and fluorescence intensity results (right panel). (c) The mRNA level of GSDMD was analyzed by qRT-PCR.
∗∗P < 0:01 vs. the control group; ns, P > 0:05, no significant difference. (d) Overlap coefficient based on immunofluorescence images
showed the colocalization relationship of GSDMD-N and P62. ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. the control group. (e) Immunoprecipitation
for P62 was conducted to detect the integration of P62 and GSDMD-N in CQ (20μM, 24 h) or MG132 (10μM, 24h) treated NP cells under
LPS stimulation. (f) Confocal images of GSDMD-N (green) and P62 (red) and fluorescence intensity measurement (right panel). (g) Overlap
coefficient analyzed the colocalization of GSDMD-N and P62. ∗∗P < 0:01 vs. the CQ group. Data were presented as the means ± SD, n = 3.
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investigate the degradation mechanism of GSDMD-N, CQ
(lysosome pathway inhibitor) andMG132 (proteasome path-
way inhibitor) were used in LPS-treated NP cells. Immuno-
precipitation and immunofluorescence analysis showed the
colocalization between P62 and GSDMD-N in the CQ or
MG132 group (Figures 6(e) and 6(f)). CQ-induced lysosome
dysfunction resulted in the accumulation of cytoplasmic P62
and decreased the integration between P62 and GSDMD-N,
while MG132 showed a nonsignificant effect (Figure 6(g)).
These results demonstrated that autophagy regulates
GSDMD-N protein levels in P62-mediated selective degrada-

tion, which depends on the functional lysosome pathway and
not the proteasome pathway.

3.6. Administration of VX-765 Retards IDD Progression In
Vivo. To further investigate the role of autophagy and pyrop-
tosis in IDD, a rat disc IDD model was designed and con-
ducted by needle puncture. VX-765, a caspase-1 inhibitor,
which could efficiently decrease cell pyroptosis, was used in
our animal model [27]. Degenerative NP tissues were marked
by loss of ECM proteins and replaced by fibrous tissues.
Alcian blue and Masson staining showed decreased contents
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Figure 7: Administration of VX-765 ameliorated the progression of IDD in vivo. (a) Histological staining, including HE, Alcian blue, and
Masson staining, showed the morphology of rat intervertebral disc. The IDD, si-ATG5, and VX-765 groups were treated with needle
puncture, while the control group is an untreated group. (b) Histological grades were calculated based on the histological staining results.
(c) Immunohistochemistry staining for COL2A1, ATG5, and GSDMD-N was conducted to evaluate the expression level of proteins in
tissues. (d) Quantification of COL2A1, ATG5, and GSDMD-N in immunohistochemistry staining. (f) Immunofluorescence staining of
caspase-1 and (e) quantification results of the caspase-1 mean fluorescence intensity. ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. the control group; ns,
P > 0:05, no significant difference. Data were presented as the means ± SD, n = 5.
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of aggrecan but increased fibrous tissues in the IDD and
ATG5 knockdown groups (Figure 7(a)). The histological
grade of the VX-765 group was markedly lower than that of
the IDD group (Figure 7(b)), indicating a less degenerative
profile. Immunohistochemistry results of COL2A1, ATG5,
and GSDMD-N revealed that VX-765 treatment decreased
GSDMD-N expression, while knockdown of ATG5 pro-
moted the accumulation of GSDMD-N in NP tissues
(Figures 7(c) and 7(d)). Immunofluorescence staining also
showed that the level of caspase-1 was increased during
IDD progression and that VX-765 significantly inhibited
caspase-1 expression (Figures 7(e) and 7(f)). These results
demonstrated that inhibition of autophagy activity aggra-
vated cell pyroptosis and accelerated the IDD progression,
while VX-765 treatment could retard IDD in vivo.

4. Discussion

Various types of programmed cell death contribute to the
pathogenesis of IDD, including cell apoptosis, pyroptosis,
and necroptosis [28]. In the present study, we revealed that
impaired autophagy accelerates the pyroptotic NP cell death
induced by LPS. Here, we presented the first evidence that
P62-mediated autophagic degradation of the pyroptosis
executor, GSDMD-N, serves as a regulatory mechanism of
cell pyroptosis. Delivery of VX-765, the inhibitor of cas-
pase-1, inhibits the activation of inflammasome and pyropto-
sis, thereby ameliorating the IDD progression in vivo. Our
study suggests the important role of pyroptotic cell death
during IDD and investigates the relationship between
autophagy and pyroptosis (Figure 8). These results may pro-
vide a potential therapeutic target for IDD treatment.

Autophagy is a degrading intracellular mechanism that
recycles organelles and proteins to maintain cellular homeo-

stasis [29]. Growing evidence has clarified the protective role
of autophagy in IDD development, that activating autophagy
could decrease the apoptotic rates of resident cells and pro-
mote matrix remodeling during IDD [30, 31]. Consistent
with previous studies, our results showed increased expres-
sion of autophagy-related protein in degenerated discs [32].
Elevated basal autophagy might adjust resident cells to
microenvironmental stress in degenerated discs; however,
excessive or inappropriate stimuli could promote autophagic
cell death [33]. Autophagy, closely interrelated with apo-
ptosis, is considered as a double-edged sword in cell sur-
vival [34]. Indeed, autophagy has a controversial and
complicated role in the progression of IDD. Based on the
detection of autophagic markers in disc tissues, we found
that autophagy levels increased during the progression of
IDD. Intervention of autophagy accelerates the death of
NP cells, indicating that autophagy is necessary for the sur-
vival of disc cells.

Recent researches indicated that pyroptotic death of res-
ident cells in disc promotes the progression of IDD [35, 36].
In senescent or degenerated IVDs, a great deal of inflamma-
tory cytokines or reactive oxygen species (ROS) accumulate,
leading to the activation of NLRP3 inflammasome and
caspase-1. Activated caspase-1 cleaves GSDMD to release
GSDMD-N fragments, which ultimately results in membrane
pore formation and cell death [37]. Silencing of GSDMD
could inhibit the inflammatory response and reduce oxida-
tive stress, which protect against stimulus-induced organ
injury [38]. A previous study also showed that the progres-
sion of IDD was effectively retarded after delivering of the
NLRP3 inflammasome inhibitor into the degenerated rat disc
[35]. Consistent with their results, our study also demon-
strated that administration of a caspase-1 inhibitor decreases
GSDMD expression and significantly ameliorated IDD
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Figure 8: Schematic model illustrating the autophagy regulative mechanism of GSDMD-mediated pyroptosis. Autophagy inhibition
promotes the accumulation of cytoplasmic GSDMD-N and elicits cell membrane perforation (a). Upon autophagy activation, P62
mediates the degradation of GSDMD-N in autolysosome and reduces the cell pyroptosis (b). NLRP3: NLR family PYRIN domain-
containing 3; ASC: apoptosis-associated speck-like protein containing a CARD; NLRC4: NLR family CARD domain-containing protein 4;
GSDMD: gasdermin D; GSDMD-N: N-terminal of gasdermin D; GSDMD-C: C-terminal of gasdermin D; P62: SQSTM1/sequestosome 1.
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in vivo. Therefore, the intervention of cell pyroptosis might
be an effective therapeutic target in IDD.

Currently, the role of autophagy in pyroptotic cell death
is still controversial. Several studies suggested that autophagy
inhibits the inflammasome activation and indicated the pro-
tective effect of autophagy on cell pyroptosis [36, 39]. A
research conducted by Bai et al. revealed that autophagy is
activated during ROS-induced cell pyroptosis and autophagy
inhibition could aggravate cell pyroptosis [36]. Since autop-
hagosomes could degrade their contents enzymatically, it is
reasonable to assume that autophagy activation removes
some pyroptotic inducers or clears damaged organelles to
reconstruct cellular homeostasis [39]. In the present study,
we confirmed a direct connection and colocalization of LC3
and GSDMD-N. Moreover, GSDMD-N could be removed
via P62-mediated autophagic degradation. P62 is incorpo-
rated into autophagosomes with GSDMD-N and then
degraded by lysosomes, resulting in the efficient degradation
of GSDMD-N. Other researchers also reported the conspira-
tor role of autophagy in pyroptotic cell death [40, 41]. Wang
et al. found that the accumulation of autophagy markers
increased the occurrence of pyroptosis which was mainly
associated with end-stage autophagy activation and lysosome
instability and treatment of autophagy inhibitor reduced the
cell pyroptosis [40]. Since autophagy is a diverse-stage activ-
ity and involves dynamic processes, a causal link between
autophagy and pyroptosis remains unclear and controversial.

Indeed, inflammasome activation, including NLRP3
inflammasome, plays a critical role in pyroptotic cell death
[42]. Several studies have indicated that autophagy activation
reduces NLRP3 expression and decreases the production of
cleaved caspase-1 [43, 44]. Houtman et al. reported a coloca-
lization between NLRP3 and LC3-labeled structures, indicat-
ing a selective degradation mechanism of NLRP3 [45].
Besides, the mammalian target of rapamycin (mTOR) signal-
ing pathway is always involved in autophagy activation.
Intervention of autophagy could regulate NLRP3 activation
via modulating the binding of mTOR and NLRP3 [43]. On
the other hand, cell plasma membrane perforation is a sym-
bol of pyroptotic cell death. The perforation of the plasma
membrane leads to leakage of cellular contents and release
of inflammatory cytokines [46]. Under autophagy activation,
the lysosomes could serve as a membrane repair mechanism
[47–49]. With a series of small GTPase activation, lysosomes
fuse with the plasma membrane and release the degradation
products via an exocytosis pathway [47], possibly repairing
pyroptotic perforation and promoting cell survival.

Although our study provided enough evidence to eluci-
date the relationship between autophagy and pyroptosis dur-
ing IDD progression, there still are several limitations in our
research. First, we knock down the ATG5 expression with
siRNA transfection, while utilization of ATG-knockout cells
or animals may provide firmer evidence. Second, we focused
on the autophagy receptor P62/SQSTM1 in the autophagic
degradation of GSDMD-N. However, there may be more
receptors mediating the autophagy activation and degrada-
tion mechanism. Moreover, GSDMD and GSDMD-N are
important but not only participants in cell pyroptosis. More
pyroptosis-related pathway should be investigated in IDD.

Therefore, further research and clinical studies on the role
of autophagy and pyroptosis in IDD are required.

In conclusion, our study investigated the relationship
between autophagy and cell pyroptosis in human NP cells.
Our results clarified the detrimental role of pyroptosis in
IDD and the protective role of autophagy in pyroptotic NP
cell death. Importantly, our results demonstrated the regula-
tory role of the autophagy-lysosome pathway in pyroptosis,
which may help identify novel therapeutic target for IDD
treatment.
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Objective. Low back pain (LBP) is one of the top three causes of disability in developed countries, and intervertebral disc
degeneration (IDD) is a major contributor to LBP. In the process of IDD, there is a gradual decrease in nucleus pulposus cells
(NPCs) and extracellular matrix (ECM). Exosomes are important exocrine mediators of stem cells that can act directly on cells
for tissue repair and regeneration. In this study, we determined the antisenescence, cell proliferation promotion, and ECM
modulation effects of human urine-derived stem cell (USC) exosomes (USC-exos) on degenerated intervertebral discs and
explored the underlying mechanism. Methods and Materials. USCs were identified by multipotent differentiation and flow
cytometry for mesenchymal stem cell- (MSC-) specific surface protein markers. USC-exos were isolated from the conditioned
medium of USCs by ultracentrifugation and then analyzed by transmission electron microscopy (TEM), particle size analysis,
and western blotting (WB) for exosome marker proteins. The effects of USC-exos on NPC proliferation and ECM synthesis
were assessed by Cell Counting Kit-8 (CCK-8), WB, and immunofluorescence (IF) analyses. The protein differences between
normal and degenerative intervertebral discs were mined, and the temporal and spatial variations in matrilin-3 (MATN3)
content were determined by WB and IF in the intervertebral disc tissues. The candidate molecules that mediated the function of
USC-exos were screened out and confirmed by multiple assays. Meanwhile, the mechanism underlying the candidate protein in
USC-exos-induced cell proliferation and regulation of ECM synthesis promoting the activities of NPCs was explored. In
addition, the effects of USC-exos on ameliorating intervertebral disc degeneration (IVD) in mice were examined by assessing
computed tomography (CT), magnetic resonance imaging (MRI), and histological analyses. Results. The flow cytometry results
showed that USCs were positive for CD29, CD44, and CD73, which are USC surface-specific markers, but negative for CD34
and CD45. In addition, USCs showed osteogenic, adipogenic, and chondrogenic differentiation potential. USC-exos exhibited a
cup-shaped morphology, with a mean diameter of 49:7 ± 7:3 nm, and were positive for CD63 and TSG101 and negative for
calnexin. USC-exos could promote NPC proliferation and ECM synthesis. The protein content of the matrilin family was
significantly reduced in degenerative intervertebral discs, and the decrease in MATN3 was the most significant. USC-exos were
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found to be rich in MATN3 protein, and exosomal MATN3 was required for USC-exos-induced promotion of NPC proliferation
and ECM synthesis, as well as alleviation of intervertebral disc degeneration in IVD rats. In addition, the effects of MATN3 in USC-
exos were demonstrated to be achieved by activating TGF-β, which elevated the phosphorylation level of SMAD and AKT.
Conclusions. Our study suggests that reduced MATN3 can be considered a characteristic of intervertebral disc degeneration.
USC-exos may represent a potentially effective agent for alleviating intervertebral disc degeneration by promoting NPC
proliferation and ECM synthesis by transferring the MATN3 protein.

1. Introduction

Low back pain (LBP) is a very common problem experienced
by most people at a certain time in their life, and it is among
the top three causes of disability in developed countries [1–
3]. The definite causes of low back pain remain unclear; how-
ever, intervertebral disc degeneration (IDD) has been docu-
mented to be a major contributor to LBP and is the
pathological basis for spinal instability, disc herniation, and
other spinal degenerative diseases, which cause a consider-
able burden to society and families and thus are the major
global public health issues [4, 5].

In disc degeneration, the main pathological change is a
gradual reduction in the total NPCs and extracellular matrix
(ECM). NPCs are the main functional cells responsible for
ECM synthesis. The homeostatic imbalance between anabo-
lism and catabolism leads to the loss of collagen and proteo-
glycan [6, 7]. Collagen type II (COL2) and proteoglycan
(predominantly aggrecan (ACAN)) are crucial ECMs for
discs to maintain proper function, particularly for the
nucleus pulposus [8, 9]. ACAN is a biological macromolecule
formed by one or more glycosaminoglycan (GAG) chains
covalently connected to a core protein. It is the main noncol-
lagen component of the intervertebral disc. The glycosami-
noglycans contained in ACAN are mainly chondroitin
sulfate and keratan sulfate. The rich and unique molecular
characteristics of intervertebral discs allow these structures
to penetrate and withstand pressure. One of the reasons for
the damage and degeneration of the intervertebral disc is
the degradation and loss of ACAN. COL2 is one of the most
important collagen components in intervertebral discs.
COL2 is the main collagen in cartilage, accounting for more
than 50% of the extracellular matrix of cartilage. COL2 is
mainly expressed by chondrocytes and is abundantly present
in the nucleus pulposus [10, 11]. In ECM, COL2 and ACAN
are the two most representative components; therefore, this
experiment measured the expression of COL2 and ACAN
to illustrate ECM conditions. Determining the methods of
rebalancing disordered COL2 and ACAN expression and
increasing their synthesis is considered a key factor for slow-
ing down or even reversing IVD damage.

Recently, increasing evidence has revealed that mesen-
chymal stem cells (MSCs) can release exosomes, which are
specialized extracellular vesicles that could provide therapeu-
tic benefits [12, 13]. Exosomes are membranous vesicles with
a diameter of 50-200 nm, and they contain multiple cellular
components, such as proteins, nucleic acids, and lipids. Exo-
somes act as a cell-free mediator and transfer particular cyto-
kines into recipient cells to achieve their therapeutic
paracrine effects in inhibiting senescence, modulating metab-
olism, and promoting regeneration [14]. Thus, stem cell exo-

somes may have potential applications as effective cell-free
therapeutic agents [15].

However, MSCs have a limited source and cause certain
trauma to the body, which limits their application. Human
urine-derived stem cells are stem cells with multidifferentia-
tion potential obtained from human urine. These cells have
a wide range of sources, are convenient to obtain, present safe
and noninvasive characteristics, do not violate ethics, and
represent a better choice for obtaining exosomes [16–18].
MATN3 is a member of the matrilin protein family, and it
is mainly distributed in cartilage cells and plays an important
role in the synthesis of cartilage ECM. Variations or
decreases in its content can lead to cartilage and interverte-
bral disc degeneration. In previous studies, we found that
USC-exos are rich in this protein.

A number of studies have shown that USC transplanta-
tion is beneficial to degenerated intervertebral discs [12,
13]. Exosomes are exocrine vesicles of stem cells that play a
paracrine role and deliver a variety of biological effectors of
the parent cells. Exosomes that can be absorbed by recipient
cells are involved in cellular communication, signaling path-
way activation, and metabolism modulation and play an
important role in MSC-based therapy. Exosomes are widely
distributed and readily available and have no immunogenic-
ity; therefore, they are ideal agents for the treatment of tissue
repair and regeneration [19].

In the previous study [20], the team studied the effect of
USC-exos on intervertebral disc degeneration by inhibiting
the apoptosis of NPCs. We now further explored the promo-
tion of cell proliferation and ECM modulatory effects of
human urine-derived stem cell (USC) exosomes (USC-exos)
on degenerated intervertebral discs in cell and rat models and
explored the underlying mechanism.

2. Materials and Methods

2.1. Isolation and Culture of NPCs. The experimental scheme
was approved by the Ethics Committee of the Affiliated Hos-
pital of Qingdao University (approval number: QDFY-19-
012-03). Nucleus pulposus cells were obtained from 6
patients with lumbar disc herniation, and they had an aver-
age age of 30 ± 4:8. The clinical symptoms and physical
examinations were consistent with the surgical indications.
Before surgery, three experienced chief physicians of spine
surgery and one chief physician of the imaging department
evaluated their MRI, and the modified Pfirrmann scale of
the lumbar intervertebral disc was grade 5. This finding indi-
cated that the nucleus pulposus and the medial annular fiber
showed low signal and the intervertebral disc was highly nor-
mal. After obtaining informed consent from the patients and
their relatives and signing a donation agreement for the
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study, disc tissue was obtained from patients undergoing
posterior lumbar foraminal surgery. The fibrous annulus
(AF) and cartilaginous endplate (CEP) were carefully
removed from the specimens under a microscope. After rins-
ing with phosphate buffered saline (PBS) 3 times, the nucleus
pulposus tissue was cut to approximately 1mm3 in size and
then digested in 0.2% type II collagenase (Gibco, Grand
Island, NY, USA) for 3 h. After digestion, a 75μm filter was
used to remove tissue residue, and then, the cell suspension
was centrifuged at 800 r/min for 5-10min. Dulbecco’s modi-
fied Eagle medium/F12 (DMEM/F-12) containing 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA) and
1% penicillin-streptomycin (Gibco, Grand Island, NY,
USA) was used to resuspend the NPCs; subsequently, the
cells were placed in a cell incubator at 37°C with 90% N2,
5% CO2, and 5% O2 [21].

2.2. USCs Extraction. The fresh sterile urine of 6 healthy male
adults (mean age, 25:5 ± 1:26) was collected under aseptic
conditions. The obtained sample was centrifuged at 400 g
for 10min, the supernatant was discarded, and the cell pre-
cipitate was resuspended in phosphate buffer (PBS). The
supernatant was carefully removed after centrifugation at
200 g for 10min. The cell precipitates were resuspended in
4ml DMEM/F-12 medium (HyClone, Utah, USA) composed
of 10% FBS (Gibco, Australia), 1% penicillin-streptomycin,
and RegM Singlequot growth factor additive (Lonza, Basel,
Switzerland). The cells were then inoculated in 12-well plates
precoated with gelatin and placed in an incubator at 37°C
with 5% CO2. The medium was changed every two days until
the cell clone was formed and then replaced with RE/MC
medium for further culture. The RE cell proliferation
medium was 500ml RE cell base medium supplemented with
the RegM Single kit. The MC propagation medium includes
10% FBS and 1% Glutamax added to DMEM/F-12 medium
(Gibco, Japan), 1% NEAA (Gibco, Grand Island, USA),
1% Pen/Strep (Gibco, Grand Island, USA), 5 ng/ml BFGF
(Peprotech, Rocky Hill, USA), 5 ng/ml PDGF-Ab (Pepro-
tech, Rocky Hill, USA), and 5ng/ml EGF (Peprotech,
Rocky Hill, USA). Re/MC medium is a 1 : 1 mixture of
Re and MC medium. When the cell density reached
approximately 70%-80%, passaging was carried out, and
then, P2-4 generation cells were selected for subsequent
experiments.

2.3. Flow Cytometric Analysis of Surface Markers of USCs.
After trypsin digestion, P3 USCs in a good growth state were
collected and then washed with PBS 3 times after centrifuga-
tion. A cell suspension with a final concentration of 1 × 106
/ml was prepared. Then, 100μl of cell suspension was added
to 10μl of monoclonal antibody working solution for CD29,
CD34, CD44, CD45, and CD73 (Santa Cruz Biotechnology,
USA) and incubated for 1 hour at room temperature in the
dark. The cells were washed for another 3 times and analyzed
by flow cytometry.

2.4. Determination of the Multidirectional Differentiation
Potential of USCs. To evaluate the differentiation potential
of human urine-derived stem cells, osteogenic, adipogenic,

and chondrogenic differentiation was performed according
to the associated kit instructions. USCs were inoculated into
6-well plates, and differentiation was induced when the cell
fusion rate reached approximately 80%. Osteogenic induc-
tion differentiation medium (CYAGEN, China) was added
and replaced every 3 days. After 21 days of induction, the
USCs were fixed with 4% paraformaldehyde and stained with
Alizarin Red for observation. The kit contained 175ml basal
medium, 20ml serum, 2ml penicillin-streptomycin, 2ml
glutamine, 2ml β-sodium glycerophosphate, 400μl ascorbic
acid, and 20μl dexamethasone. For adipogenic induction dif-
ferentiation, adipogenic induction differentiation medium A
(Cyagen, China) was first added and then replaced with adi-
pogenic induction differentiation medium B (Cyagen, China)
3 days later, and after 24 h, it was replaced with liquid A
again, with this process alternated 3 times. Finally, 4% para-
formaldehyde was used for fixation, and oil red O staining
was used for observation. Adipogenesis induction differenti-
ation medium A contained 175ml basal medium, 20ml fetal
bovine serum, 2ml penicillin-streptomycin, 2ml glutamine,
400μl insulin, 200μl 3-isobutyl-1-methyl xanthine (IBMX),
200μl dexamethasone, and 200μl rosiglitazone. The adipo-
genic induction differentiation medium B contained 175ml
basal medium, 20ml fetal bovine serum, 2ml penicillin-
streptomycin, 2ml glutamine, and 400μl insulin. During
chondroblast induction, the cells were first counted, and then
2:5 × 105 USCs were collected. The supernatant was dis-
carded after centrifugation in a 15ml centrifuge tube at 150
g for 5min, and then, 0.5ml chondroblast induction medium
was added and changed every 3 days. Approximately 21 days
later, 4% paraformaldehyde was used for fixation, paraffin
embedding was followed by sectioning, and allicin blue stain-
ing was used for observation. The chondroblast induction
differentiation medium kit contained 194ml basal medium,
600μl ascorbic acid, 20μl dexamethasone, 2ml ITS+Supple-
ment, 200μl sodium pyruvate, 200μl proline, and 2ml fac-
tor-β3 (TGF-β3).

2.5. Exosome Extraction and Identification. When the cells
grew to 70-75% confluence, the culture medium was
removed and washed 3 times with PBS. Serum-free medium
was added, and the culture was continued for 48 h. The cul-
ture medium was then collected, centrifuged at 4°C and 500
g for 10min to remove residual cells, and centrifuged at 4°C
and 2000 g for 20min to remove cell debris. The impurities
were further removed at 4°C and 10,000 g for 30min, and
the supernatant was retained and then filtered with a
0.22μm filter membrane to remove excess particles. The
supernatant was centrifuged at 4°C and 100,000 g for 2 h,
and the resulting precipitate was resuspended in PBS. The
exosome morphology was observed by transmission electron
microscopy (TEM) (JEM-1200EX, Japan). The number and
size distribution of exosomes were analyzed using a Nano-
Sight detector (Malvern, England) and NTA detection and
analysis software. USCs were cleaved to obtain their cleavage
products, which were used as a negative control to conduct
WB with USC-exos. Western blotting was used to detect
the exosome markers CD63, TSG101, and calnexin.
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2.6. Exosome Uptake of NPCs. P3 NPCs with good growth
status were inoculated into 24-well plates for subsequent
experiments after the cells adhered to the wall. First, GFP-
lentivirus was transfected to observe the cell profile of NPCs.
GFP virus and Lipofectamine 2000 (Thermo Fisher, Massa-
chusetts, USA) were diluted with equal amounts of serum-
free culture medium. The diluted GFP was mixed with Lipo-
fectamine 2000 and kept at room temperature for 20min.
The mixture was added to the cell culture medium and trans-
fected for approximately 3 h. Then, the exosomes were
labeled with PKH26 (Sigma-Aldrich) fluorescent dye accord-
ing to the operation instructions of the PKH26 fluorescent
dye kit. The excess dye was neutralized with an equal volume
of PBS containing 5% BSA. Finally, the supernatant was
removed by centrifugation at 4°C for 70min at 100,000 g
and resuspended in 50μl PBS. The prepared USC-exos
labeled with PKH26 were added to GFP-transfected NPCs
and incubated in the dark for 12 h. After fixation with 4%
paraformaldehyde for 20min, the nuclei were stained with
DAPI. The glycerin was sealed, and uptake was observed by
laser confocal microscopy. The Leica Application Suite
Advanced Fluorescence software was used to analyze the
images in the later stage.

2.7. CCK-8 (Cell Counting Kit-8) Detects NPC Proliferation.
NPCs were prepared into cell suspensions and counted and
then seeded into 96-well plates, with 5 × 103 cells in each well
and each group set up with 3 duplicate wells. PBS was added
to the control group, and USC-exos, USCshMATN3-exos, and
USCconshRNA-exos were added to the other groups. The cell-
free wells were used as blank controls. After intervention,
10μl CCK-8 solution (Meilunbio, Dalian, China) was added
on days 1, 3, 5, and 7 and then cultured in a cell incubator for
approximately 3 h. A microplate reader (Molecular Devices,
USA) was used to detect the absorbance at 450 nm, and then,
the proliferation of NPCs was calculated based on the change
in absorbance.

2.8. β-Galactosidase Staining to Detect Cell Senescence. NPCs
with good P3 growth were inoculated into a 6-well plate and
treated according to the experimental groups after the cells
adhered to the wall. After the intervention, the instructions
of the β-galactosidase staining kit (Beyotime, China) were
followed for cell senescence detection. The specific steps were
as follows. Staining fixative solution was added to fix the cells
at room temperature for 15 minutes. After washing 3 times
with PBS, the following was added to each well: 1ml of
930μl β-galactosidase staining solution C, 10μl β-galactosi-
dase staining solution A, 10μl β-galactosidase staining β-
galactosidase staining working solution prepared from solu-
tion B, and 50μl X-Gal solution. The cells were incubated
overnight at 37°C, and the senescence of NPCs was observed
under an inverted phase contrast microscope.

2.9. Western Blot (WB) Analysis. After the intervention, the
samples were collected and then lysed in RIPA lysis buffer
(Solarbio, Beijing, China) containing 1mM phenyl methyl-
sulfonyl fluoride (PMSF) and protease inhibitors to extract
proteins. The extracted protein was tested to determine its

concentration using a BCA kit (Solarbio, Beijing, China).
Then, the protein and loading buffer were mixed at a ratio
of 4 : 1 (V/V) and boiled for 10 minutes. The proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then transferred to a polyviny-
lidene fluoride (PVDF) membrane. The PVDF membrane
was blocked with 5% skimmed milk powder at room temper-
ature and then incubated overnight at 4°C with primary anti-
bodies against CD63, TSG101, calnexin, TGF-β3, p-SMAD3,
SMAD3, AKT, p-AKT, β-actin (all the above antibodies were
purchased from Santa Cruz Biotechnology, USA), MATN3
(Bioss, Beijing, China), COL2 (Bioss, Beijing, China), and
ACAN (Millipore, Massachusetts, USA). The membrane
was incubated with a horseradish peroxidase- (HRP-) labeled
secondary antibody (ABclonal, Wuhan, China) for 1 hour,
and then, an ECL kit (Thermo Fisher Scientific, Rockville,
MD, USA) was used for luminescence observation. The
Image Lab software (Bio-Rad, Hercules, CA, USA) was used
to take images and analyze them.

2.10. Transfection of MATN3 Lentivirus-shRNA. In the func-
tional mechanism investigation, lentiviral shRNAs targeting
MATN3 (shMATN3, sc106205V) (Santa Cruz Biotechnol-
ogy, USA) and control shRNAs (Con shRNAs) were trans-
fected before USC-exos treatment. In the feedback
mechanism investigation, the overexpressed lentivirus of
MATN3 (LV-MATN3) and the control lentiviral vectors
(con-LV) were transfected. The lentivirus vectors were pack-
aged by GeneChem (Shanghai, China). Transfection was
conducted according to the manufacturer’s instructions.
Briefly, NPCs were plated into dishes 1 day before transfec-
tion. The next day, the NPCs were transfected with the lenti-
virus vectors at an MOI of 100 supplemented with 10μg/ml
polybrene (Cyagen) for 24 h. The culture medium was
replaced with fresh complete medium, and the cells were
selected with 2.5μg/ml puromycin (Sigma) 72 h after trans-
fection. Total RNA was harvested and subjected to qPCR
analysis for efficiency. Forty-eight hours after transfection,
the total RNA was harvested and subjected to qPCR analysis.
Seventy-two hours after transfection, the total proteins were
harvested and subjected to western blot analysis.

2.11. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA was extracted from the samples using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, the
instructions of the reverse transcription kit for qRT-PCR
were followed to reverse transcription and amplify related
genes. GAPDH was used as an internal reference, and each
sample was set with three auxiliary holes. The primer

Table 1: Primer sequences for quantitative real-time PCR.

Gene name Primer sequences (5′-3′)

MATN3
Forward (F) 5′-GGTGCAGGTGTTTGCAAGAG-3′
Reverse (R) 5′-TCCACTGTGAAGGCTTCGTC-3′

GAPDH
Forward (F) 5′-GGTATCGTGGAAGGACTC-3′
Reverse (R) 5′-GTAGAGGCAGGGATGATG-3′
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sequences are shown in Table 1. The data obtained were ana-
lyzed using the 2-ΔΔCt algorithm.

2.12. NPCs Immunofluorescence Test (IFT). P3 NPCs were
used for cell counting, the cell concentration was adjusted
to 1 × 105, and a cell climbing sheet was inserted after the
cells adhered to the wall. PBS was added to the control group,
100μg/ml USC-exos was added to the USC-exos group,
100μg/ml USCconshRNA-exos was added to the USCconshRNA-
exos group, and 100μg/ml USCshMATN3-exos was added to
the USCshMATN3-exos group. After 7 days of intervention,
the cells were fixed with 4% paraformaldehyde for 20
minutes at room temperature and blocked with 5% BSA for

30 minutes. Primary antibodies against COL2 (Bioss, Beijing,
China) and ACAN (Santa Cruz Biotechnology, USA) were
added and incubated overnight at 4°C. The next day, anti-
mouse (Abcam, USA) and anti-rabbit (Abclonal, USA) fluo-
rescent secondary antibodies were added separately under
dark conditions. After incubation for 1 hour at room temper-
ature, DAPI was added. After mounting in glycerol, the cells
were observed under a laser confocal microscope (Nikon,
Japan) to evaluate the expression of COL2 and ACAN.

2.13. Rat IDD Model Establishment and Intradisc Injection.
Our group purchased 20 3-month-old Sprague Dawley
(SD) rats for in vivo experiments. Among them, 5 rats were
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Figure 1: USC and USC-exos identification. (a) Morphological appearance of USCs under an optical microscope. USC colonies generally
appeared at 7 to 10 days after the primary cell culture and exhibited cobblestone-like morphology under the light microscope. USCs could
reach 90% confluence after 2-3 weeks of culture. (b) Multidirectional differentiation potential of USCs. After osteogenic induction, the
formation of calcium nodules can be seen by staining with Alizarin Red, red-stained lipid droplets can be seen by staining with Oil Red O
after the induction of fat formation, and accumulated glycosaminoglycans can be seen by staining with Alcian Blue after the induction of
cartilage. (c) USC surface marker identification. USCs were positive for CD29, CD44, and CD73 but negative for CD34 and CD45. (d)
TEM scanning of the USC-exos. (e) Particle size analysis of the USC-exos. (f) WB analysis of specific markers of USC-exos and USC-lysates.
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Figure 2: USC-exos resist senescence and promote NPC proliferation and ECM synthesis. (a) NPC uptake of USC-exos. NPCs were labeled
by GFP. PKH26-labeled USC-exos were internalized to the perinuclear region of the NPCs after 3 h of incubation. (b) SA-β-Gal staining assay
of NPCs induced by USC-exos and PBS. (c) SA-β-Gal staining assay showing the antisenescence effect of USC-exos. The multifield random
counting method showed that the proportion of SA-β-Gal-positive NPCs in the USC-exos group was 13:8 ± 1:4%, which was significantly
lower than that in the control group (19:6 ± 2:4%). (d) CCK-8 assay showing NPC proliferation in response to USC-exos. The absorbance
at 450 nm of the USCs group was markedly higher than that of the control group at 3, 5, and 7 d (n = 3, ∗P < 0:05). (e–g) WB analysis for
NPC ECM synthesis. The expression of ACAN and COL2 was significantly increased when NPCs were stimulated with USC-exos (each
group n = 3, ∗P < 0:05).
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regarded as the normal group without any treatment and the
remaining 15 rats were regarded as the experimental group.
Before the operation, the rats were anesthetized with 2% pen-
tobarbital, and the three IVDs of each rat, namely, Co4/5,
Co5/6, and Co6/7, were determined on the tail vertebrae by
palpation with the aid of X-ray fluoroscopy [22]. A 20G fine
needle (Hamilton, USA) was used to puncture the above
three intervertebral discs, causing degeneration. Then, a
33G puncture needle (Hamilton, USA) was used to inject
USCconshRNA-exos (100μg/ml) into Co4/5 cells, USCsh-

MATN3-exos (100μg/ml) into Co5/6 cells, and PBS into
Co6/7 cells (2μl each). The first injection was performed 2
weeks after the puncture and repeated 4 weeks thereafter
[23], and CT (GE, USA) and 3.0 MRI (GE, USA) were per-
formed to observe the morphological appearance of the
intervertebral discs in the 4th and 8th weeks. After 8 weeks,
the rats were sacrificed, and intervertebral disc samples were
collected for paraffin embedding and subsequent experi-
ments. This experimental protocol was approved by the Ani-
mal Experiment Committee of Qingdao University.

2.14. Hematoxylin-Eosin (HE) Staining. The samples were
decalcified and fixed in formaldehyde, dehydrated, embed-
ded in paraffin, and sectioned. Then, a hematoxylin-eosin
(HE) staining kit (Solarbio, Beijing, China) was used for HE
staining. Specifically, paraffin sections were deparaffinized
and hydrated stained with hematoxylin staining solution
for 5-20 minutes and then treated with differentiation solu-
tion for 30 seconds. After washing with warm water, the sec-
tions were placed in eosin dye solution, washed again, and
soaked, and they were then dehydrated, made transparent,
mounted on film, sealed with neutral gum, and observed
under a microscope.

2.15. Safranin O-Fast Green Staining. The sample was fixed
with paraformaldehyde, decalcified, dehydrated, and then
embedded in paraffin. Then, the Safranin O-Fast Green

Staining Kit (Solarbio, Beijing, China) was used for staining.
Specifically, the sample was dewaxed in water, placed in
freshly prepared Weigert’s dye solution for 3-5 minutes,
and then washed with water. Then, it was differentiated in
acidic differentiation solution for 15 s, washed with distilled
water for 10min, dipped in the fast green staining solution
for 5min, and quickly washed with weak acid solution for
10-15 s to remove residual fast green. Then, it was placed in
the Safranin O stain for 5min, dehydrated in 95% ethanol
and absolute ethanol, treated with xylene to make it transpar-
ent, and then sealed with optical resin for observations.

2.16. Tissue Immunofluorescence (IF) Staining. The samples
were cut into frozen sections in advance for later use. Before
staining, frozen sections were rewarmed at room tempera-
ture and then cleaned with TBST to remove residual optimal
cutting temperature compound (OTC). After blocking with
3% BSA at room temperature for 1 hour, the MATN3 pri-
mary antibody (Bioss, Beijing, China) was added and incu-
bated overnight at 4°C. After rewarming at room
temperature for 30 minutes the next day, fluorescent second-
ary antibody was added, and the samples were incubated for
1 hour under dark conditions at room temperature. After
DAPI was added, glycerol mount was used to observe the
expression of MATN3 under a laser confocal microscope
(Nikon, Japan) or stored at -20°C in the dark for subsequent
observation.

2.17. Statistical Analysis. Each group of experiments was
repeated at least three times. Continuous data are expressed
as the mean ± standard deviation (SD), and nonparametric
data are expressed as the median and interquartile range.
One-way analysis of variance (ANOVA) was used to com-
pare the data between groups, and the parameters of parallel
groups were compared by t-test. P < 0:05 indicates that the
difference is statistically significant. All data were statistically
analyzed using the SPSS 20.0 software (SPSS, Chicago, IL,
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50 𝜇m

DAPI COL2 ACAN MERGE

USC-exos

Control

Figure 3: Immunofluorescence analysis of NPC ECM synthesis of COL2 and ACAN. Blue indicates DAPI, green indicates COL2, and red
indicates ACAN. The expression of COL2 and ACAN was significantly increased when NPCs were induced by USC-exos.
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USA), and statistical graphs were drawn using GraphPad
Prism 8 (GraphPad Software, USA).

3. Results

3.1. USC and USC-Exos Identification. USC colonies gener-
ally appeared 7 to 10 days after the primary cell culture and
exhibited a cobblestone-like morphology under a light
microscope. USCs had a relatively strong proliferation capac-
ity and reached 90% confluence after 2-3 weeks of culture
(Figure 1(a)). The characteristics of USCs were consistent
with those described in a previous study [24].

Flow cytometry analysis showed that USCs were positive
for USC surface markers CD29, CD44, and CD73 but nega-
tive for CD34 and CD45 (Figure 1(c)). USCs could differen-
tiate into osteocytes, adipocytes, and chondrocytes when
cultured in osteogenic, adipogenic, and chondrogenic condi-
tioned culture media as previously reported [25]
(Figure 1(b)). Therefore, the characteristics of USCs meet
the criteria of multipotential differentiation as defined by
MSCs.

USC-exos were obtained by ultrahigh-speed centrifuga-
tion. USC-exos were observed under a transmission electron
microscope and showed a cup-shaped morphology with a
diameter of approximately 50 nm (Figure 1(d)). The results
of the particle size analysis showed that the diameter of
USC-exos was 49:7 ± 7:3 nm (Figure 1(e)). WB showed that
USC-exos were positive for CD63 and TSG101 but negative
for calnexin (Figure 1(f)).

3.2. USC-Exos Resist Senescence and Promote NPC
proliferation and ECM Synthesis. To assess the effects of
USC-exos on NPCs function, we first determined the NPC

uptake of USC-exos. As shown in Figure 2(a), red fluorescent
dye- (PKH26) labeled USC-exos were internalized into the
perinuclear region of NPCs after 3 h of incubation. To deter-
mine the functional effects, USC-exos or an equal volume of
PBS was added to the conditioned medium to culture NPCs
for the indicated time.

A SA-β-Gal staining assay was utilized to examine the
antisenescence effect of USC-exos, and the results showed
that significantly less SA-β-Gal staining-positive NPCs were
observed in the USC-exos group than that in the control
group (Figure 2(b)). A CCK-8 analysis was performed to
evaluate the effect of USC-exos on the proliferation of NPCs.
The results revealed that the proliferation of NPCs was mark-
edly promoted in response to USC-exos stimulation
(Figure 2(d)).

To investigate the ECM modulation effect of USC-exos,
NPCs were treated with USC-exos and PBS for 72h. The
results of western blot and immunofluorescent staining
assays showed that NPCs of the USC-exos group had signif-
icantly elevated expression of COL2 and ACAN compared to
the control (Figures 2(e), 2(f), and 3).

3.3. MATN3 Was Decreased Significantly in the Nucleus
Pulposus Tissue of Intervertebral Disc. To investigate the
potentially key proteins that lead to disc degeneration, a pro-
teome analysis was applied in our previous study [26]. Fur-
ther data mining was performed to compare the protein
variation of normal and degenerated intervertebral discs,
and we found that matrilin family proteins were significantly
decreased in human degenerated intervertebral discs. The
matrilin family has 4 members (MATN1, MATN2, MATN3,
andMATN4), which are noncollagenous extracellular matrix
proteins. Among them, MATN3 was the most differentially

MATN3

MATN3 DAPI

USC-exos

Control

DAPI

100 𝜇m

100 𝜇m

(f)

Figure 4: MATN3 was significantly decreased in the nucleus pulposus tissue of intervertebral discs. (a) Proteome analysis of the normal and
degenerated discs of humans. The 4 matrilin family proteins were significantly decreased in the degenerated discs. MATN3 was the most
differentially expressed (n = 5, ∗P < 0:05). (b, c) WB analysis of MATN3 expression in the normal and degenerated discs of humans.
MATN3 significantly decreased in the degenerated discs (n = 3, ∗P < 0:05). (d) Immunofluorescence staining of human nucleus pulposus
tissue for MATN3. Blue represents DAPI, and green represents MATN3. (e) Immunofluorescence image of intact rat IVDs for MATN3.
(f) Exosome intervention in rat intervertebral discs was associated with the immunofluorescence results of degenerative intervertebral discs.
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expressed (Figure 4(a)). The results of WB analysis and IF
staining further confirmed the decrease in MATN3 in the
degenerated human nucleus pulposus (Figures 4(b)–4(d)).

To reveal the variation of MATN3 throughout the degen-
erated intervertebral discs, normal and degenerated SD rat
IVDs were detected for further IF staining. In normal rat
IVDs, the nucleus pulposus (NP) and annulus fibrosus (AF)
had a good morphological structure. MATN3 was widely dis-
tributed in the nucleus pulposus region and vertebral body
and moderately distributed in the annulus fibrosus and end-
plate (EP). The number of MATN3-positive cells predomi-
nated in the NP and AF. However, in degenerated IVDs,
the NP was unclear, and the structure of the AF was disor-
dered. MATN3 was significantly reduced in both the nucleus
pulposus and annulus fibrosus regions but not in the end-
plate region. Because of the partial ossification of the end-
plate in aged rats, there was a remarkable increase in
MATN3 in endplate bone substances. However, there was
no excessive expression of MATN3 in the endplates of young
rats (Figure 4(e)). Immunofluorescence images of rat inter-
vertebral discs treated with exosomes showed a significant
increase in MATN3 content in the intervertebral discs, which
in turn promoted extracellular matrix synthesis (Figure 4(f)).

3.4. Exosomal MATN3 in USCs Mediated the Antisenescence
Activity and Proliferation and Promoted ECM Synthesis in
NPCs. To investigate whether exosomal MATN3 of USCs
mediates the effects, data mining was applied to previous

proteomic analyses of protein expression profiles in USC-
exos and their parent USCs [25]. MATN3 was found to be
rich in USC-exos, and our WB results also confirmed the
enrichment (Figures 5(a) and 5(b)).

MATN3 shRNA was used to knockdown the expression
of MATN3 in USCs, and the inhibitory efficiency of
shMATN3 was examined by qRT-PCR (Figure 5(c)). USCs
transfected with shMATN3 or control shRNA (Con shRNA)
were used as parental cells to generate exosomes for down-
stream assays. The results of WB determined the downregu-
lation of MATN3 in exosomes from MATN3-knockdown
USCs (USCshMATN3-exos) compared to the control exosomes
fromUSCs transfected with Con shRNA (USCconshRNA-exos)
(Figures 5(d) and 5(e)).

Evidence has revealed that MATN3 can directly bind to a
specific integrin, which promotes the dissociation and activa-
tion of TGF-β by changing the conformation of the TGF-β
precursor complex [27]. Therefore, the activation of TGF-β
and its downstream SMAD protein and proliferation-
related AKT protein [28] was further investigated.

In the USCconMATN3-exos group, the level of TGF-β and
the extent of p-SMAD, COL2, and ACAN expression were
significantly increased. However, in the USCshMATN3-exos
group, the promotive ability of USC-exos was markedly com-
promised when MATN3 expression in USC-exos was inhib-
ited (Figure 6(a)). A SA-β-Gal staining assay showed that the
antisenescence effect of USC-exos was mitigated, and it
showed that SA-β-Gal staining-positive NPCs in
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Figure 5: Identification of MATN3 in USC-exos and MATN3 knockdown in USCs. (a, b) WB analysis of MATN3 was rich in USC-exos
(n = 3, ∗P < 0:05). (c) PCR analysis determined the silencing efficiency of shRNA-MATN3 to knockdown MATN3 expression in USCs
(n = 3, ∗P < 0:05). (d, e) WB analysis of MATN3 knockdown in USC-exos (n = 3, ∗P < 0:05).
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USCshMATN3-exos group increased compared to those in the
USCconMATN3-exos group but was still lower than the control
group (Figure 7(a)). The CCK-8 assay also showed a
decreased ability of USC-exos to promote the proliferation
of NPCs when MATN3 was knocked down.

In their parent USCs (Figure 7(b)), IF (Figure 8) indi-
cated that the promotive effect of USC-exos on ECM synthe-
sis was also suppressed once the MATN3 content was
reduced in USC-exos.

Studies have reported that senescence and proliferation
are associated with activating the PI3K-Akt pathway [29,
30]. Thus, we performed western blotting to detect the levels
of Akt and p-Akt in NPCs following treatment with USCsh-

MATN3-exos, USCconshRNA-exos, or an equal volume of PBS
for 72 h. As shown in Figure 6(a), the ability of USC-exos
to induce Akt phosphorylation was markedly compromised
whenMATN3 expression in USC-exos was inhibited. Collec-
tively, our findings suggest that MATN3 is required for USC-
exos-induced promotion of NPC proliferation and ECM
synthesis.

4. Exosomal MATN3 Alleviates Intervertebral
Disc Degeneration in the IVD Rat Model

To further verify the therapeutic effects of exosomal MATN3
of USC-exos, we applied USCConshRNA-exos, USCshMATN3-
exos, and an equal volume of PBS to IVD rats. The degener-
ation grades of rat intervertebral discs were evaluated by CT
and MRI examination at 4 and 8 weeks after the intradiscal
intervention (Figures 9(a) and 9(d)–9(f)). Typical disc tissue
could be seen in normal, undegenerated rat intervertebral
discs (Figure 9(f)). The percent disc height index (%DHI)
was measured according to the results of sagittal CT recon-

struction images (Figures 9(b) and 9(c)). A low %DHI indi-
cates collapse or narrowing of the intervertebral space,
which reflects the extent of degenerative changes. At 4 weeks
and 8 weeks, the %DHI of the USCconshRNA-exos group was
higher than that of the USCconshRNA-exos and PBS groups,
and the %DHI of the USCshMATN3-exos group was higher
than that of the PBS group. Histological grade was analyzed
according to HE and Safranin O-fast green staining
(Figure 9(g)).

Meanwhile, the Pfirrmann grade was based on morpho-
logical changes of the intervertebral discs in MRI, and greater
degeneration corresponded to a higher grade. The Pfirrmann
grade of the USCconshRNA-exos group was lower than that of
the USCconshRNA-exos and PBS groups, and the Pfirrmann
grade of the USCshMATN3-exos group was lower than that
of the PBS group. In normal rats, however, there was no sig-
nificant disc degeneration (Figure 9(a)).

To verify the radiographic results, further histological
staining and immunohistochemical analysis were applied.
As shown in Figure 9, the IVDs in the USCconshRNA-exos
group had higher disc heights, more ECM components, and
more organized NP tissues than those in the USCshMATN3-
exos group and PBS group. However, the IVDs in the USCsh-

MATN3-exos group had a lower disc height, fewer ECM com-
ponents, and more disorganized NP tissues than those in the
USCconshRNA-exos group but had a better morphological
score than that of the PBS group. That is, compared to the
PBS group, the intervertebral discs of the USCconshRNA-exos
group exhibited alleviated degeneration. However, in the
USCshMATN3-exos group, the ability to mitigate degeneration
of the intervertebral disc was compromised when MATN3
was inhibited. Collectively, the radiographic results and mor-
phological analyses indicated that full-ingredient USC-exos

DAPI COL2 MERGEACAN

50 𝜇m

50 𝜇m

50 𝜇m

Control

USCcon shRNA-exos

USCshMATN3-exos

Figure 6: Immunofluorescence of NPC ECM synthesis for COL2 and ACAN. Blue indicates DAPI, green indicates COL2, and red indicates
ACAN. The expression of COL2 and ACAN was significantly increased when NPCs were induced by USCconshRNA-exos; however, the
promotive effects were compromised when MATN3 was knocked down in USCshMATN3-exos.
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with MATN3 could significantly ameliorate intervertebral
disc degeneration, while the beneficial effect was attenuated
when MATN3 was knocked down in USC-exos.

5. Discussion

The main causes for IDD have not been clarified. However, a
consensus has been reached that a continuous decrease in
NPCs and degradation of ECM are the pathological basis of
IDD [7, 31]. Therefore, finding a method of maintaining
the number of NPCs and promoting the synthesis of ECM
are the keys to alleviating or even reversing IDD.

In this study, we demonstrated that the content of
MATN3 was significantly reduced in degenerated interverte-
bral discs. MATN3 is a member of the matrilin family and a
noncollagenous ECM protein that shares a common struc-
ture, including the von Willebrand factor A (WFA) domain,
epidermal growth factor (EGF) domain, and C-terminal
coiled-coil oligomerization domain [32]. MATN3 is a
cartilage-specific protein that can assemble the chondrocyte
ECM. As an ECM protein, matrilin-3 can cross-link with col-
lagen fibrils and multiple proteoglycans, playing a critical

role in forming a fibrous matrix network [27]. In the past,
MATN3 was found to be required for cartilage homeostasis
[9]. Mutations in matrilin-3 in humans can cause many kinds
of skeletal diseases, such as multiple epiphyseal dysplasia and
early-onset osteoarthrosis [33]. The polymorphisms in the
MATN3 gene were previously tested, and they indicated a
genetic association with IDD. Mutation of the MATN3
region leads to susceptibility to spinal disc degeneration
[34]. Here, for the first time, we revealed the spatial and tem-
poral variation in MATN3 in normal and degenerated inter-
vertebral discs. The change in MATN3 was most significant
in the NP tissue and moderate in the AF. The decrease in
MATN3 in the IVD could be considered a characteristic of
IDD.

With the development of exosome research, an increas-
ing number of researchers are studying exosomes as a poten-
tial treatment for intervertebral disc degeneration. Stem cell-
derived exosomes may offer cell-free therapies as an alterna-
tive to traditional stem cell therapies [35]. Intervertebral disc
degeneration is usually accompanied by the apoptosis of
nucleus pulposus cells and the loss of extracellular matrix.
The accumulation of inflammatory factors and matrix-
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Figure 7: MATN3 of USC-exos mediated the antisenescence and proliferation promoting effects on NPCs. (a) SA-β-Gal staining assay of the
NPCs induced by USCconMATN3-exos, USCshMATN3-exos, and PBS. (b) SA-β-Gal staining assay showing the antisenescence effect of USC-
exos. Multifield random counting showed that the proportion of SA-β-Gal-positive NPCs in USCconMATN3-exos and USCshMATN3-exos
groups was significantly lower than that in the control group. (c) CCK-8 analysis of NPCs proliferation stimulated with USCconMATN3-
exos, USCshMATN3-exos, and PBS (n = 3 per group, ∗P < 0:05 vs. control, #P < 0:05 vs. USCshMATN3-exos).
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degrading enzymes in intervertebral discs is an important
reason for this phenomenon [36, 37]. In a study of degener-
ated and normal nucleus pulposus, Xia et al. [38] found that
there were a variety of proteins related to the inflammatory
response in intervertebral discs, most of which were
expressed in degenerated intervertebral discs. The results
showed that IL-1β, iNOS, COX-2, IL-6, MMP3, MMP13,
and other inflammatory cytokines and extracellular
matrix-degrading enzymes were significantly reduced after
the addition of stem cell-derived exosomes. These results
suggest that stem cell-derived exosomes can reduce the
inflammatory response of intervertebral discs and the deg-
radation of extracellular matrix. At the present stage, most
experiments have used MSCs; however, this research
group uniquely chose USCs. USCs not only have MSC-
related characteristics but also have a number of unique
advantages. USCs are a population of cells isolated from

urine that have the biological properties and differentiation
potential of stem cells. Although limited research has been
performed on USCs, studies have confirmed that USCs
can be induced to differentiate into osteoblasts, chondro-
cytes, smooth muscle cells, cardiomyocytes, urothelial cells,
neural precursor cells, skeletal muscle cells, and adipocytes;
moreover, after several generations of culture, the karyo-
type remains stable without tumorigenicity, the acquisition
pathway is noninvasive and simple, and the culture system
is stable [39–43]. Previous studies have found that the
proliferation ability of stem cells is closely related to telo-
merase activity and telomere length. Compared with
MSCs, USCs have higher telomerase activity and longer
telomere sequences; therefore, they have stronger prolifer-
ation ability [44]. The above characteristics of USCs make
them a better source for exosome extraction, and their
application has very broad prospects.
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Figure 8: WB analysis of TGF-β canonical SMAD pathway and noncanonical pathway (AKT) activation (n = 3 per group; ∗P < 0:05 vs.
control, #P < 0:05 vs. USCshMATN3-exos).
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Figure 9: Continued.
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In previous experiments, Lu et al. [45] used MSC-derived
exosomes to intervene in NPCs, and the results showed that
exosomes could stimulate the phenotypes of degenerated
NPCs to restore undegenerated NPCs to increase the synthe-
sis of extracellular matrix and achieve self-repair. Their stud-
ies suggest that exosomes may play a pivotal role in the
endogenous repair of IVDs. In another study, Lu et al. [46]
showed that MATN3 promoted the synthesis of COL2 and
ACAN by promoting IL-1ra expression and inhibited the
production of IL-1β-induced catabolic matrix proteinases,
thereby delaying intervertebral disc degeneration by reducing
extracellular matrix degradation. In this study, our previous
experiments showed that intervention with USC-exos could
reduce the degradation of extracellular matrix and promote
its synthesis, which delayed the effect of intervertebral disc
degeneration. The presence of MATN3 in USC-exos was ver-
ified in subsequent experiments, suggesting that USC-exos
may inhibit intervertebral disc degeneration throughMATN3.

Studies have shown that exosomes can promote the pro-
liferation of NPCs and the synthesis of extracellular matrix.
Moreover, exosomes are complex and contain a large num-
ber of substances, which may be released in the presence of
MATN3. Our results demonstrated that USC-exos could
markedly promote NPC proliferation and ECM synthesis.
The promotion of USC-exos was significantly reduced after
siRNA was used. At the same time, the WB method was used
to identify USC-exos, and the composition of MATN3 was
confirmed. By mining the data of previous proteome analy-
ses, we found that MATN3 was rich in USC-exos, which
means that USC-exos could act as a vehicle to transfer the
MATN3 protein. Due to the advantages of urine-derived
stem cells, the source of exosomes was optimized in this
study. Moreover, the role and mechanism of MATN3 in the
treatment of intervertebral disc degeneration by USC-exos
were verified, with the therapeutic effect achieved by regulat-
ing the TGF-β content. This study provides insights for
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Figure 9: Exosomal MATN3 alleviates intervertebral disc degeneration in the IVD rat model. (a) CT and MRI images of normal rat
intervertebral disc. CT and MR images of rat intervertebral discs treated with USCconshRNA-exos, USCshMATN3-exos, and PBS at 0, 4, and 8
weeks. (b, c) The change of percentage of disc height index (%DHI) was calculated based on CT measurements in each group, where (b) is
the situation at 4 weeks and (c) is the situation at 8 weeks. Data are expressed as mean ± SD. ∗ means P < 0:05. (d) HE, Safranin O-fast
green staining, and Masson of intact rat IVDs. (e) HE, Safranin O-fast green staining, and Masson of a partially enlarged NP of rat IVDs.
(f) HE, Safranin O-fast green staining, and Masson of normal undegenerated rat intervertebral discs. (g) Histological grade was assessed
by HE staining and Saffron O solid green staining. Data are expressed as mean ± SD. ∗ means P < 0:05.
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investigating exosome-based treatments for intervertebral
disc degeneration.

Evidence has revealed that MATN3 can directly bind to
specific integrins, which promotes the dissociation and
activation of TGF-β by changing the conformation of the
TGF-β precursor complex, thereby further affecting down-
stream gene activation [32]. Our results strongly suggested
that MATN3 in USC-exos achieved the promotive func-
tion by activating TGF-β. TGF-β is a multifunctional cyto-
kine that modulates cell fate and plasticity in a variety of
tissues. The multiple cellular responses induced by TGF-
β are mediated via the canonical SMAD pathway and
noncanonical pathways, including the phosphatidylinositol
3′-kinase- (PI3K-) protein kinase B (AKT) pathway [28,
47]. TGF-β/SMAD pathway activation can promote the
expression of COL2 and ACAN in the extracellular matrix
of nucleus pulposus, and phosphorylation of AKT can
promote antisenescence effects and cell proliferation [29,
30]. In the results, we demonstrated that exosomal
MATN3 from USCs mediated the promotive effects. It is
likely that MATN3 fulfilled its functions by activating
the canonical SMAD pathway and noncanonical pathways
(PI3K-AKT). We determined that MATN3 promoted the
expression of TGF-β3 and increased the phosphorylation
level of SMD and AKT NPCs. Multiple further loss-of-
function assays of MATN3 suggested that exosomal
MATN3 of USCs mediated the antisenescence effect and
promotive effects of NPCs on proliferation and ECM syn-
thesis. Beyond that, we verified that MATN3 in USC-exos
could ameliorate IVD in the IDD rat model. The ability of
USC-exos to alleviate IDD was significantly compromised
when MATN3 was knocked down. The radiographic and
histological analysis results indicated that the USC-
conshRNA-exos group exhibited a lower degree of IVD
degeneration than the PBS group. However, in the USCsh-

MATN3-exos group, the promotive effects were suppressed
when MATN3 was knocked down, which indicated that
MATN3 in USC-exos mediated the beneficial effects on
IDD.

In addition, no significant change was observed between
the PBS injection discs and the no-intervention discs, indi-
cating a negative effect of the puncture caused by 33-gauge
fine needles on intervertebral disc degeneration.

6. Conclusions

MATN3 is not only a noncollagenous ECM protein but also a
regulator that could assist in senescence and modulate NPC
proliferation and ECM homeostasis. USC-exos may be a
potential therapeutic agent for IDD by transferring the
MATN3 protein.
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Objective. Sodium tanshinone IIA sulfonate (STS) is a water-soluble derivative of tanshinone IIA, a representative traditional
Chinese medicine. The aim of the study was to investigate the capability of STS to reverse injury-induced intervertebral disc
degeneration (IDD) and explore the potential mechanisms. Methods. Forty adult rats were randomly allocated into groups
(control, IDD, STS10, and STS20). An IDD model was established by puncturing the Co8-9 disc using a needle. Rats in the STS
groups were administered STS by daily intraperitoneal injection (10 or 20mg/kg body weight) while rats in the control and IDD
groups received the same quantity of normal saline. After four weeks, the entire spine from each rat was scanned for X-ray and
MRI analysis. Each Co8-9 IVD underwent histological analysis (H&E, Safranin-O Fast green, and alcian blue staining). A tissue
was analyzed by immunohistochemical (IHC) staining to determine the expression levels of collagen II (COL2), aggrecan,
matrix metalloproteinase-3/13 (MMP-3/13), interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α). Levels of
oxidative stress were measured using an ELISA while activity of the p38 MAPK pathway was assessed using Western blot
analysis. Results. Compared with the control group, needle puncture significantly decreased IVD volume and T-2 weighted MR
signal intensity, confirming disc degeneration. These alterations were significantly attenuated by treatment with 10 or 20mg/kg
STS. Lower COL2 and aggrecan and higher MMP-3/13, IL-1β, IL-6, and TNF-α levels in the IDD group were substantially
reversed by STS. In addition, treatment with STS increased antioxidative enzyme activity and decreased levels of oxidative stress
induced by needle puncture. Furthermore, STS inhibited the p38 MAPK pathway in the rat model of IDD. Conclusions. STS
ameliorated injury-induced intervertebral disc degeneration and displayed anti-inflammatory and antioxidative properties in a
rat model of IDD, possibly via inhibition of the p38 MAPK signaling pathway.

1. Introduction

Intervertebral disc degeneration (IDD) is recognized as
among the most common causes of lower back pain [1].
IDD is prevalent in both the middle-aged and elderly popu-
lation, patients becoming increasingly younger over recent
years. The condition has become an economic and healthcare

burden, requiring considerable medical resources and caus-
ing substantial economic pressures [2]. Risk factors for IDD
include genetics, bacteria, and viruses [3], sex [4], obesity
[5], smoking [6], aging [7], and mechanical loading [8]. Path-
ological changes in degenerated intervertebral discs (IVDs)
include narrowing of the intervertebral space, dysfunction
of nucleus pulposus cells (NPCs), degradation of the extracel-
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lular matrix (ECM), rupture of the annulus fibrosus (AF),
and calcification of the vertebral endplates [9]. However,
the precise etiology and pathogenesis of IDD remain unclear.
An increasing number of studies have concluded that IDD
arises due to oxidative stress [10–12].

A previous research study demonstrated that oxidative
stress at least partly leading to the structural failure of degen-
erated IVDs results from the excessive production of reactive
oxygen species (ROS) [13]. A number of oxidative stress
markers have been found and identified in degenerated
human IVDs [14, 15]. ROS has been shown capable of pro-
moting the progression of apoptosis in NPCs in vitro [11].
In addition, a number of external stimuli, including mechan-
ical overloading, deprivation of nutrition, and inflammatory
cytokines, can result in the accumulation of intracellular
ROS [16, 17]. The observations above suggest that oxidative
stress may be closely related to IDD.

The dried root of Salvia miltiorrhiza Bunge (Danshen)
has multiple therapeutic properties relevant for a variety of
cardiovascular diseases [18]. Sodium tanshinone IIA sulfo-
nate (STS) is a water-soluble derivative of tanshinone IIA
extracted fromDanshen. Previous studies have demonstrated
that STS has anti-inflammatory, antioxidative, and antiapop-
totic properties [19–21]. However, until now, few studies
have reported the effect of STS on an injury-induced rat
model of IDD, the underlying mechanism of the possible
protective actions of STS in IDD remaining largely unknown.

The present research employed an injury-induced rat
model to ascertain the effect of STS on IDD. Previous evi-
dence has shown that activation of the p38 MAPK signaling
pathway is involved in oxidative stress [11, 22], and so this
signaling pathway is a potential target for IDD in rats. The
present study is the first to evaluate the effects of STS on oxi-
dative stress and IDD in rats. Furthermore, the research
explored the possible mechanism by which STS ameliorated
the progression of IDD. The data demonstrated that STS
ameliorated injury-induced oxidative stress and interverte-
bral disc degeneration in rats by inhibition of the p38 MAPK
signaling pathway.

2. Materials and Methods

2.1. Reagents and Materials. STS (purity 99%) was obtained
from Sigma-Aldrich Inc. (St. Louis, MO, USA). Enzyme-
linked immunosorbent assay (ELISA) kits for superoxide dis-
mutase (SOD, S0087), glutathione peroxidase (GSH-Px,
S0056), catalase (CAT, P3541-100ml), and malondialdehyde
(MDA, S0131M) were acquired from Beyotime Biotechnol-
ogy Co. Ltd. (Shanghai, China). All primary antibodies used
in the study were purchased from Cell Signaling Technology,
Inc. (MA, US), while secondary antibodies were from Beyo-
time Biotechnology Co. Ltd. (Shanghai, China). Sigma-
Aldrich Inc. (St. Louis, MO, USA) supplied all other reagents.

2.2. Animals. Forty adult male Sprague-Dawley rats (weigh-
ing 270-320 g, 12 weeks of age) were purchased from the Ani-
mal Center at Soochow University (Suzhou, China). Animals
were maintained within normal conditions and randomly
allocated into four equal groups prior to surgery. All rats

received various treatments, as appropriate, for two weeks
and then subjected to experimental surgery, as described
below. All experimental procedures were approved by the
Animal Care and Experiment Committee of Soochow Uni-
versity (2020 Approval No. ECSU-2020000108).

2.3. Grouping. The experimental rats were randomly divided
into four groups (10 rats in each group) as follows: (1) con-
trol (sham) group; (2) IDD group; (3) STS10 group
(IDD+STS 10mg/kg body weight); and (4) STS20 group
(IDD+STS 20mg/kg body weight). Rats in the STS groups
received daily intraperitoneal injections of STS (10 or
20mg/kg body weight) while rats in the control and IDD
groups were injected intraperitoneally with the same volume
of normal saline until the end of the study, at which point the
rats were sacrificed. The procedures used in the present study
are detailed in a previously published study [23]. The thera-
peutic doses were selected from those established in another
study [24].

2.4. Rat Model of IDD. Percutaneous needle puncture has
been demonstrated to be an effective method of induction
of disc degeneration [25]. Following acclimatization, animals
were anesthetized by inhalation of 2% fluothane in oxygen/-
nitrous oxide. The surgical procedure was performed on the
vertebrae in the tail, as described previously [26]. In the
IDD and IDD+STS groups, the Co8-9 discs were punctured
using a 20-gauge needle. Sham surgery was performed on rats
in the control group. Following surgery, STS or normal saline
was administered to each animal once per day for four con-
secutive weeks, after which their tails were scanned using
X-rays and MRI while being anesthetized with isoflurane
and the Co8-9 discs were harvested for subsequent experi-
ments. All experimental steps complied with the Animal
Research Reporting of In vivo Experiments (ARRIVE)
guidelines.

2.5. Radiographic Analysis and Magnetic Resonance Imaging
(MRI) Scanning. After four weeks of induction of IDD, each
animal was scanned with X-rays and by MRI. X-ray images
were obtained using a digital X-ray machine (Shimadzu,
Japan) and stored digitally. Using a previously reported
method [27], the disc height index (DHI) was calculated
from the mean of measurements obtained from the anterior,
middle, and posterior portions of the disc which was divided
by the mean height of the adjacent vertebral body using Ima-
geJ image analysis software. Changes in DHI were recorded
as %DHI and normalized to the DHI of the preoperative
IVD (%DHI = DHI postsurgery/DHI presurgery ∗ 100).

T2 mapping of MRI signal intensity is commonly used to
measure the degree of IDD. The procedure was conducted as
previously described [28], in a 1.5T MRI scanner (GE, USA).
Briefly, all rats were scanned and the T2 signal intensity of
the Co8-9 discs was recorded. The ratio of T2 signal intensity
of each injured disc to the control disc was recorded from
analysis using ImageJ software. Therefore, normalized IVD
intensity had values ranging from 0 to 1.

2.6. Histological Evaluation. All harvested IVDs were fixed in
10% formalin and embedded in paraffin. Five μm serial
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sections were obtained from the midsagittal region and
stained with hematoxylin and eosin (H&E), Safranin-O Fast
green, and alcian blue in order that histological changes in
the IVDs could be identified and assessed using a previously
described scale, providing scores from 5 to 15 points, repre-
senting IVDs that were normal to severely degenerated [26].

2.7. Immunohistochemical (IHC) Analysis. The disc tissue of
the Co8-9 IVDs was obtained from experimental rats, as
described previously [29]. Immunohistochemical staining
was performed on decalcified sections, as described previ-
ously [30]. Paraffin-embedded sections (5μm) were first sub-
jected to H2O2 for fifteen minutes and then blocked in
regular blocking solution for half an hour at 37°C. The sec-
tions were subsequently incubated with rabbit primary anti-
bodies: ECM-associated proteins collagen II (COL2, 1 : 500)
and aggrecan (1 : 500), matrix metalloproteinase-3 (MMP-3,
1 : 500), MMP-13 (1 : 500), and the inflammatory factors
interleukin-1β (IL-1β, 1 : 500), IL-6 (1 : 500), and tumor
necrosis factor-α (TNF-α, 1 : 500) or control rabbit IgG
(1 : 200 in 5% BSA), respectively, overnight at 4°C. After
washing three times, the sections were then incubated with
diaminobenzidine- (DAB-) based peroxidase-conjugated
goat anti-rabbit secondary antibody (1 : 200) for one hour at
37°C. All images were acquired with a light microscope
(Olympus, Japan) at 40x magnification. IHC staining results
were then analyzed semiquantitatively using a method
described previously [30]. The number of positively stained
cells and staining intensity were used in scoring; the two
scores were multiplied together to reflect the degree of pro-
tein expression. Images from all sections were obtained and
analyzed independently by two observers that were blinded
to the experimental details.

2.8. Enzyme-Linked Immunosorbent Assays (ELISAs). Four
common indicators of oxidative stress, SOD, GSH-Px,
CAT, and MDA were quantified using the corresponding
assay kit (Beyotime Biotechnology Co. Ltd., Shanghai,
China) in accordance with the manufacturer’s instructions.
Briefly, the disc tissue was first lysed with 0.25% trypsin for
15 minutes and then centrifuged for 15 minutes at 4°C at
900 g. The supernatants and standards were added to
cuvettes, and values of OD at 530nm were recorded. The
quantity of enzyme able to transform 1mmol substrate in 1
minute was defined as 1 unit of enzyme activity. The activity
of SOD, GSH-Px, CAT, and levels of MDA were calculated
by reference to a standard curve.

2.9. Western Blot Analysis. Expression levels of p38 and p-
p38 in the discs were measured using routine Western blot
analysis. All disc tissues were homogenized using RIPA lysis
buffer containing protease inhibitor to obtain a preparation
of total protein. Equal quantities of protein were separated
using routine sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), then transferred to polyvinyli-
dene difluoride (PVDF) membranes. After blocking in 5%
nonfat milk, the membranes were blotted with primary anti-
bodies at 4°C overnight: p38 MAPK (1 : 1000), phosphory-
lated p38 MAPK (p-p38, 1 : 1000), and GAPDH (1 : 2000),

then an HRP-conjugated secondary antibody at 37°C for
one hour. Protein bands were then visualized using an ECL
imaging system. The signal intensity of each blot was ana-
lyzed using ImageJ software. Finally, the relative expression
levels of p-p38 were normalized to those of p38.

2.10. Statistical Analysis. All experimental data are presented
as the means ± standard deviation (SD). One-way analysis of
variance (ANOVA) was used to compare multiple groups
after verification of normality with post hoc comparisons
using a least-squares difference (LSD) method. P values of
differences that were less than 0.05 were considered statisti-
cally significant.

3. Results

3.1. STS Reduces Narrowing of the IVD Space and Decreased
T2-Weighted MRI Signal Intensity in a Rat Model of IDD.
Analysis of the IVD space or height was conducted and
recorded as the %DHI (ratio of DHI 4 weeks after surgery
to before surgery). The T2-weighted MRI signals of IVDs
reflect the extent of their degeneration. Representative X-
ray and T2-weighted MRI images are displayed in
Figures 1(a) and 1(c). By quantitative analysis, the height of
the IVD space and the signal intensity of T2-weighted MRI
in the IDD group were found to be significantly lower than
those of the control group (P < 0:01). However, this decrease
was substantially suppressed by treatment with 10 or
20mg/kg STS (P < 0:05 and P < 0:01, respectively). These
imaging data demonstrate that STS can ameliorate IDD.

3.2. STS Inhibits the Extent of IVD Degeneration in Injury-
Induced IDD Rats. Normal IVDs in the control group con-
sisted of round NPs, distributed evenly, and integrated
among collagen lamellae, as displayed in Figure 2. Degener-
ated discs in the IDD groups exhibited NPs of significantly
reduced size (including their complete disappearance), with
a clearly blurred boundary between the NP and AF. Further-
more, disorganized inner collagen layers of the AF were bulg-
ing inward. However, four weeks’ treatment with STS
significantly rescued such disc degeneration in a dose-
dependent manner. Semiquantitative analysis indicated that
the histological scores of the IDD rats were significantly
higher than those of control rats (P < 0:01, Figure 2). Histo-
logical scores were significantly lower in the STS10 and
STS20 groups compared with the IDD group (P < 0:05 and
P < 0:01, respectively). These findings demonstrated that
STS ameliorates the histopathological degeneration of IVDs.

3.3. STS Inhibits the Degradation of COL2 and Aggrecan in
the IDD Model. Compared with the control group, IDD rats
exhibited ECM with significantly less COL2 and aggrecan
expression levels, indicating that needle puncture induced
significant degradation of COL2 and aggrecan (P < 0:01,
Figure 3). This decrease was significantly restored by STS
treatment compared with that of the IDD group. The results
indicate that STS ameliorated IDD by inhibition of ECM
degradation.
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3.4. STS Inhibits the Protein Expression Levels of MMP-3 and
MMP-13. MMPs (predominantly MMP-3 and MMP-13)
have been proposed as the principal catabolic enzymes in
degenerated IVDs [31]. As shown in Figure 4, IVDs in the
control group displayed extremely little expression of either
MMP-3 or MMP-13. Needle puncture in the IDD groups
resulted in significant elevation of both MMP-3 and MMP-
13 expressions in comparison with the control group
(P < 0:01). Treatment with STS (10 and 20mg/kg) resulted
in a considerable decrease compared with the IDD group in
a dose-dependent manner. These data suggest that STS ame-
liorates IDD via regulation of the activation of MMPs.

3.5. STS Suppresses the Expression Levels of Inflammatory
Factors in the IDD Model. Analysis by IHC indicated that
the expression levels of the inflammatory factors IL-1β, IL-
6, and TNF-α were significantly higher in the IDD group
than in the control group (P < 0:01, Figure 4). However,
treatment with 10 or 20mg/kg STS significantly inhibited
IL-1β, IL-6, and TNF-α levels in comparison (P < 0:05,
Figure 5). These data demonstrate that STS ameliorates
IDD via inhibition of the production of inflammatory factors.

3.6. STS Regulates the Antioxidant System and Lipid
Peroxidation. As depicted in Figures 6(a)–6(c), there was a
considerable decline in SOD, GSH-Px, and CAT activity in
rat IVDs in the IDD group compared with control rats
(P < 0:01). Notably, treatment with STS upregulated the
activity of these components of the enzymatic antioxidant

defense system in a dose-dependent manner. Moreover, the
IVDs of IDD rats displayed a significantly higher MDA con-
centration compared with those of the control group
(Figure 6(d), P < 0:01). However, treatment with STS (both
10 and 20mg/kg) significantly reversed this difference. These
results indicate that STS ameliorates IDD via the regulation
of oxidative stress.

3.7. STS Regulates the p38 MAPK Signaling Pathway in the
Rat Model of IDD. The p38 protein is known to transduce
apoptotic or death signals in NPCs. Oxidative stress leads
to activation and phosphorylation of the p38 signaling path-
way [32, 33]. Western blot analysis demonstrated that pro-
tein expression levels of p-p38 MAPK in the IDD group
were substantially higher than those in the control group
(P < 0:01, Figure 7), indicating activation of the p38 pathway,
while protein expression levels of GAPDH and p38 did not
apparently change. Treatment with STS significantly down-
regulated p38 kinase phosphorylation compared with the
IDD group, without influencing the total expression of p38
protein (P < 0:05, Figure 7). These data indicate that STS
ameliorates IDD by inhibition of the p38 MAPK signaling
pathway.

4. Discussion

IVD disease, the most common cause of lower back pain, is
characterized by the progressive loss of ECM and a concom-
itant decrease in water content, changes in the structure of
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Figure 1: Imaging characteristics of IVDs in each group after 4 weeks. (a) Representative radiographic images of the Co8-9 discs in each
group and (b) their semiquantitative analysis. (c) Representative images of T2- weighted MR in each group and (d) their semiquantitative
analysis. The height of the IVD space and the signal intensity of T2-weighted MRI in the IDD group were found to be significantly lower
than those of the control group. However, this decrease was substantially suppressed by treatment with 10 or 20mg/kg STS. IDD:
intervertebral disc degeneration; DHI: disc height index; STS10/20: 10/20mg/kg sodium tanshinone IIA sulfonate; ∗P < 0:05 and ∗∗P <
0:01 compared with the IDD group (n = 10 per group).
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the IVD, and disc dysfunction. The imbalance between ana-
bolic and catabolic processes, leading to the upregulated pro-
duction of MMPs and loss of collagen and proteoglycans,
finally results in alterations to the mechanical properties of
IVDs and their herniation. Current research has demon-
strated that STS can preserve the water content and volume
of an IVD, suppressing the excessive degradation of ECM-
associated proteins and inhibition of injury-induced oxida-
tive stress in a rat model of IDD. The results of the present
study indicate that STS may be a novel therapeutic agent
for IDD.

As a representative traditional medicine, tanshinone IIA
displays multiple pharmacological functions, but its poor
water solubility has greatly restricted its further development
[34]. STS, a chemically modified form of Tan IIA, exhibits
considerably increased water solubility [35], with multiple
pharmacological properties, including being antioxidative,
anti-inflammatory, anticancer, and antiapoptotic. In the
present study, we first evaluated the effects of STS on the his-
topathological changes within a rat puncture model of IDD.
The results of the present study indicate that STS can protect
IVD height and water content by reducing and inhibiting the
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Figure 2: Histological analysis of IVDs in each group after 4 weeks. Representative histological images of IVDs stained with H&E (a),
Safranin-O Fast green (b), and alcian blue (c) in each group. (d) Semiquantitative analysis of histological staining. Normal IVDs in the
control group consisted of round NPs, distributed evenly, and integrated among collagen lamellae. Degenerated discs in the IDD groups
exhibited NPs of significantly reduced size, with a clearly blurred boundary between the NP and AF. Four weeks’ treatment with STS
significantly rescued such disc degeneration in a dose-dependent manner. IVD: intervertebral disc degeneration; NP: nucleus pulposus;
AF: annulus fibrosus; IDD: intervertebral disc degeneration; STS10/20: 10/20mg/kg sodium tanshinone IIA sulfonate; ∗P < 0:05 and ∗∗P
< 0:01 compared with the IDD group (n = 10 per group).
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overproduction of MMP-3 and MMP-13, which are respon-
sible for degradation of the ECM-associated proteins COL2
and aggrecan, thus suppressing the progression of IDD.
The ECM of the NP primarily consists of three components:
collagen, proteoglycans, and water, of which COL2 and
aggrecan are the two principal components [36]. COL2 pro-
vides the elastic strength of an IVD while aggrecan maintains
the water content of the NP. MMPs participate in the degra-
dation of ECM components, including proteoglycans and
collagen. An imbalance in the synthesis and catabolism of
COL2 and aggrecan leads to the onset of IDD. Previous stud-
ies have indicated that MMP-3 and MMP-13 are initially
upregulated in an injured AF or NP [37, 38]. IHC staining
has demonstrated that the elevated production of MMPs cor-
relates with the progression of IDD [39]. The findings of the
present study reveal that STS reduces the degradation of
COL2 and aggrecan through inhibition of MMP activity, ulti-
mately ameliorating the progression of IDD.

It has been established that IDD is mediated by the exces-
sive production of inflammatory cytokines secreted by differ-
ent IVD cells, resulting in the apoptosis and autophagy of
NPCs [40–42]. Oestrogen can decrease IVD cell apoptosis
and inhibit IDD in multiple ways, including the inhibition
of the inflammatory cytokines IL-1β and TNF-α, reducing
catabolism because of inhibition of matrix metalloprotein-

ases, decreasing oxidative damage [43]. Previous studies have
revealed that inflammation is the key event during the pro-
gression of IDD [44]. Of the various proinflammatory medi-
ators, IL-1β, IL-6, and TNF-α are probably the most
important. Increased expression levels of IL-1 and TNF have
been observed in degenerated and herniated IVDs [9, 45]. In
the present study, needle puncture was used to significantly
increase the production of IL-1β, IL-6, and TNF-α, demon-
strating that environmental stressor injury can result in
inflammatory events. Treatment with STS significantly
reduced the indicators of inflammation in a rat model of
IDD. It has been reported that STS can reduce the expression
of the inflammatory cytokines IL-6 and TNF-α in a mouse
model of atherosclerosis [46]. STS was also found to down-
regulate the expression levels of IL-1β, TGF-β, and TNF-α
via the inhibition of NF-κB phosphorylation in the nucleus
[47, 48]. In addition, STS has been shown to suppress the
release of IL-6 and TNF-α in a mouse model of sepsis [49].

Oxidative stress has been shown to be closely associated
with the onset and progression of IDD. Oxidative stress is
caused by the excessive accumulation of free radicals and
ROS and can damage proteins and nucleic acids, leading to
changes in cellular structure and function [50, 51]. The clas-
sical antioxidant system comprises the antioxidant enzymes
SOD, CAT, GSH-Px, and lipoic acid [52]. As the
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Figure 3: Immunohistochemical analysis of COL2 and aggrecan. (a) Representative IHC images of COL2 staining. (b) Semiquantitative
analysis of COL2. (c) Representative images of aggrecan staining. (d) Semiquantitative analysis of aggrecan. Compared with the control
group, IDD rats exhibited ECM with significantly less COL2 and aggrecan expression levels. This decrease was significantly restored by
STS treatment indicating that STS ameliorated IDD by inhibition of ECM degradation. All images were acquired at 400x magnification.
COL2: collagen II; IDD: intervertebral disc degeneration; STS10/20: 10/20mg/kg sodium tanshinone IIA sulfonate; ∗P < 0:05 and ∗∗P <
0:01 compared with the IDD group (n = 10 per group).
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predominant defensive enzyme in the antioxidative system,
SOD catalyzes the disproportionation of superoxide anions,
preventing tissue damage [53, 54]. CAT is an additional anti-
oxidant enzyme, catalyzing H2O2 into H2O and O2, thus bal-
ancing redox reactions [55]. GSH-Px is a powerful free
radical scavenger that inhibits lipid peroxidation, while
MDA concentration displays the extent of cell membrane
lipid peroxidation [56]. Measurements of SOD, CAT, and
GSH-Px allow the evaluation of the capability of cells to clear
ROS, while MDA reflects the severity of an attack by ROS
[57]. Thus, the levels of these indicators in IVDs reflect oxi-
dative stress levels. In the present study, needle puncture,
used to establish the model of IDD, resulted in a significant
downregulation of SOD, CAT, and GSH-Px activity and
increased MDA concentration, thus increasing oxidative
stress levels. However, administration of 10 or 20mg/kg
STS inhibited injury-induced oxidative stress in a dose-
dependent manner. A number of studies have reported the
antioxidant capability of STS, for example, decreased MDA
and GSH expression levels in a rat model of stroke [58].
STS was shown to inhibit the production of X-ray induced
ROS [59] and ameliorated oxidative stress and lipid metabo-
lism in isoproterenol-induced myocardial infarction [60].
Furthermore, STS suppressed the degree of cardiomyocyte

apoptosis via inhibition of phosphorylation of the oxidative
stress-related protein JNK [24].

To explore the underlying mechanism by which STS
inhibits oxidative stress and IDD, Western blot analysis was
utilized to identify changes in pathway-associated protein
expression. The p38 MAPK signaling pathway is a branch
of the MAPK superfamily, mediating the regulation of vari-
ous physiological and pathological processes such as inflam-
mation, cell stress, growth, development, and apoptosis [22].
A previous study indicated that a number of signaling path-
ways and transcript factors including MAPKs, p53, NF-κB,
and Nrf2/HO-1 are involved in the regulation of oxidative
stress [61]. The current study indicated that needle puncture
resulted in the activation of the p38 signaling pathway in the
IDD group, while STS ameliorated oxidative stress and IDD
in a rat model through inhibition of p38 MAPK. Rannou
et al. reported that mechanical overload causes the apoptosis
of AF cells by p38 MAPK activation [33]. Blockade of p38
MAPK in cytokine-activated NPCs was shown to reduce
the generation of cytokine factors associated with inflamma-
tion, pain, and matrix degradation [22]. These in vitro stud-
ies, in addition to observations in the present study,
indicated that STS may reduce oxidative stress and IDD via
inhibition of p38 MAPK activity.
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Figure 4: Immunohistochemical analysis of MMP-3 and MMP-13. (a) Representative IHC images of MMP-3 staining. (b) Semiquantitative
analysis of MMP-3. (c) Representative IHC images of MMP-13 staining. (d) Semiquantitative analysis of MMP-13. Needle puncture in the
IDD groups resulted in significant elevation of both MMP-3 and MMP-13 expressions in comparison with the control group. Treatment
with STS resulted in a considerably decrease compared with the IDD group in a dose-dependent manner, indicating that STS ameliorates
IDD via regulation of the activation of MMPs. All images were acquired at 400x magnification. MMP: matrix metalloproteinase; IDD:
intervertebral disc degeneration; STS10/20: 10/20mg/kg sodium tanshinone IIA sulfonate; ∗P < 0:05 and ∗∗P < 0:01 compared with the
IDD group (n = 10 per group).

7Oxidative Medicine and Cellular Longevity



Control IDD

STS10 STS20

IL-1𝛽 staining

(a)

Control IDD STS10 STS20
0

1

2

3

4
IL-1𝛽

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n

(F
ol

d 
of

 co
nt

ro
l) ⁎⁎

⁎

(b)

Control IDD

STS10 STS20

IL-6 staining

(c)

Control IDD STS10 STS20
0

2

4

6
IL-6

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n

(F
ol

d 
of

 co
nt

ro
l)

⁎⁎⁎
⁎

(d)

Control IDD

STS10 STS20

TNF-𝛼 staining

(e)

Control IDD STS10 STS20
0

2

4

6

8
TNF-𝛼

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n

(F
ol

d 
of

 co
nt

ro
l)

⁎⁎⁎
⁎

(f)

Figure 5: Immunohistochemical analysis of IL-1β, IL-6 and TNF-α. (a) Representative IHC images of IL-1β staining. (b) Semiquantitative
analysis of IL-1β. (c) Representative IHC images of IL-6 staining. (d) Semiquantitative analysis of IL-6. (e) Representative IHC images of
TNF-α staining. (f) Semiquantitative analysis of TNF-α. The expression levels of the inflammatory factors IL-1β, IL-6, and TNF-α were
significantly higher in the IDD group than in the control group. However, treatment with 10 or 20mg/kg STS significantly inhibited IL-
1β, IL-6, and TNF-α levels in comparison, indicating that STS suppresses the expression levels of inflammatory factors in the IDD model.
All images were acquired at 400x magnification. IL: interleukin; TNF: tumor necrosis factor; IDD: intervertebral disc degeneration;
STS10/20: 10/20mg/kg sodium tanshinone IIA sulfonate; ∗P < 0:05 and ∗∗P < 0:01 compared with the IDD group (n = 10 per group).

8 Oxidative Medicine and Cellular Longevity



There are a number of limitations to the study. Firstly,
only animal experiments were used in the evaluation of the
effect of STS on IDD. Cell experiments (especially human
IVD cells) that investigate the use of a p38 MAPK inhibitor
should be further conducted to obtain more convincing
results. Secondly, STS receptors and downstream target genes
were not explored. Thirdly, although STS exhibited profound
anti-inflammatory and antioxidative effects in the present

animal study, the potential for treatment and possible com-
plications of STS on human diseases require additional
examination through clinical research.

5. Conclusion

The present study demonstrated that STS ameliorated
injury-induced intervertebral disc degeneration, exerting
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Figure 6: SOD, GSH-Px, CAT, and MDA contents in rat IVDs of each group. STS treatment increased the activity of (a) SOD, (b) GSH-Px,
and (c) CAT that had been lowered by puncture injury and significantly decreased MDA levels (d) compared with the IDD group. These
results demonstrated that STS regulates the antioxidant system and lipid peroxidation. SOD: superoxide dismutase; GSH-Px: glutathione
peroxidase; CAT: catalase; MDA: malondialdehyde; IDD: intervertebral disc degeneration; STS10/20: 10/20mg/kg sodium tanshinone IIA
sulfonate; ∗P < 0:05 and ∗∗P < 0:01 compared with the IDD group (n = 10 per group).
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Figure 7: Western blot analysis of p38 and p-p38 protein expressions in each group. Activation of p-p38 MAPK was shown in IVDs of the
IDD group (a). Overexpression of p-p38 in the IDD group was significantly inhibited by STS treatment (b). These data indicate that STS
regulates the p38 MAPK signaling pathway in the model of IDD. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IDD:
intervertebral disc degeneration; STS10/20: 10/20mg/kg sodium tanshinone IIA sulfonate; ∗P < 0:05 and ∗∗P < 0:01 compared with the
IDD group (n = 10 per group).
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anti-inflammatory and antioxidative effects in a rat model of
IDD, possibly by inhibition of the p38 MAPK signaling
pathway.
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Reactive oxygen species (ROS) are thought to have a strong correlation with a number of intervertebral disc (IVD) diseases. Here,
we aimed to determine whether ROS represent an etiology of low back pain (LBP) during IVD degeneration. Thirty degenerated
intervertebral disc samples were obtained from patients, and ROS levels were quantified using dihydroethidium (DHE) staining.
The results suggested a significant correlation between the ROS level and the severity of LBP. Subsequently, a puncture-induced
LBP model was established in rats, and ROS levels significantly increased compared with those in the sham surgery group,
accompanied with severe puncture-induced IVD degeneration. In addition, when ROS levels were increased by H2O2
administration or decreased by NAC treatment, the rats showed increased or decreased LBP, respectively. Based on this
evidence, we further determined that stimulation with H2O2 in nucleus pulposus cells (NPCs) in vivo or in vitro resulted in
upregulation of substance P (SP), a peptide thought to be involved in the synaptic transmission of pain, and that the severity of
LBP decreased when SP levels were increased by exogenous SP administration or neutralized via aprepitant treatment in the
IVDs of rats. In conclusion, ROS are primary inducers of LBP based on clinical and animal data, and the mechanism involves
ROS stimulation of NPCs to secrete SP, which is a critical neurotransmitter peptide, to promote LBP in IVDs. Therefore,
reducing the level of ROS with specific drugs and inhibiting SP may be alternative methods to treat LBP in the clinic.

1. Introduction

Low back pain (LBP) is a serious chronic disease that reduces
quality of life and increases psychological burden in patients.
Accordingly, approximately one-quarter of U.S. adults
reported having LBP lasting at least 1 whole day in the past
3 months, and 7.6% reported at least 1 episode of severe acute
low back pain within a 1-year period [1]. Unfortunately,
most LBP is nonspecific, and it is difficult to find a specific

treatment due to the lack of a pathological or pathophysio-
logical basis [2]. Therefore, only physical therapy or analgesic
drugs can be used to relieve symptoms in patients.

There is no doubt that the intervertebral discs (IVDs)
play a critical role in maintaining the stability of the whole
spine, and abnormal anatomy or physiological dysfunction
of IVDs leads to a series of spine-related diseases, especially
LBP [3]. Degeneration of IVD was an independent etiology
for LBP [4]. Also, etiologies of trauma, infection, and
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immune dysregulation result in increased levels of inflamma-
tory factors, upregulation of proalgesic factors, and promo-
tion of nerve fiber growth in the IVDs, all of which lead to
severe LBP [3]. Thus, maintaining IVD homeostasis is an
important strategy for the treatment of LBP.

Reactive oxygen species (ROS) are products of bio-
markers expressed in response to cellular damage or stimuli.
Nucleus pulposus cells (NPCs) are the core of the IVDs, and
they exhibit a remarkable increase in ROS levels after expo-
sure to mechanical stress [5] or biochemical stimulation
[6]. The generated ROS initiate a series of downstream cellu-
lar activities, such as apoptosis [7] and secretion of biochem-
ical factors [8].

Until now, there has been no evidence concerning the
pathological role of ROS in LBP. Thus, the first aim of this
study was to elucidate the potential relationship between
ROS and LBP. In addition, we wanted to investigate whether
substance P (SP), a peptide in the IVDs that is responsible for
LBP, participated in ROS-mediated LBP. The elimination of
ROS in the IVDs could provide a promising therapeutic
method for LBP in the future.

2. Method

2.1. Patients and Tissue Collection. The study was authorized
by the Institutional Review Board of Ruijin Hospital, Shang-
hai Jiaotong University School of Medicine, and every partic-
ipant signed an informed consent form. Thirty patients who
underwent posterior lumbar discectomy at our hospital
because of lumbar intervertebral disc degeneration were
enrolled in this study between May 2020 and September
2020. All patients had LBP accompanied with or without sci-
atica for at least 6 months and failed to conservative treat-
ment or physical therapy. If the patients had lumbar disc
herniation associated with Modic changes, spondylolisthesis,
or spinal instability, instrumented posterior lumbar inter-
body fusion was performed at the same time. The included
patients ranged from 36 to 82 years of age, with an average
age of 63:433 ± 12:560 years. Thirteen were male, and 17
were female. Three patients underwent surgery at the L3-L4
level, 17 patients underwent surgery at L4-L5, and 10 patients
underwent surgery at L5-S1. To quantify the severity of LBP,
Visual Analogue Scale (VAS), Oswestry Disability Index
(ODI) [9], and Japanese Orthopaedic Association Back Pain
Evaluation Questionnaire (JOABPEQ) [10] scores were
recorded for all patients. The nucleus pulposus (NP) was
obtained during surgery and frozen at -80°C for subsequent
experiments.

2.2. LBP Model in Rats. All animal experiments in this study
were approved by the Animal Care and Use Committee of
Henan Provincial Orthopedic Institute, and we followed the
protocols of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications
No. 8023, revised 1978). Based on a previous study [11], male
rats weighing 250–300 g were anesthetized with 2.5% pento-
barbital sodium, and then, the IVD of L4-5 was exposed
using a transabdominal median approach. Subsequently,
the IVD was penetrated vertically to reach the NP using an

18-gauge needle at a depth of 2mm, and then, drugs were
administered with a microsyringe. After that, the incision
was sutured layer by layer with silk thread, and the animals
were kept warm until they regained consciousness. For the
behavioral study, seven groups were established: the sham-
surgery group, puncture + saline group, puncture + NAC
(N-acetyl-L-cysteine) group, puncture + H2O2 group, punc-
ture + SP 0.1μg group, puncture + SP 1μg group, and punc-
ture + aprepitant (an antagonist of the neurokinin 1 receptor,
which blocks the effect of SP) group. To avoid bias, analgesic
drugs and antibiotics were not used before or after the sur-
gery. H2O2 was diluted in deionized water and administered
at a concentration of 100μM per disc after puncture. NAC
(CAS No. 616-91-1, MedChemExpress, NJ, US) was admin-
istered at a concentration of 1mM per disc after puncture.
Substance P (cat No. 1156/5, R&D Inc., MN, US) was admin-
istered at a concentration of 0.1μg or 1μg per disc, and apre-
pitant (CAS No. 170729-80-3, MedChemExpress, NJ, US)
was administered at a concentration of 1mM per disc. For
immunohistochemistry (IHC) and Western blot analysis
about H2O2-indcued SP, the H2O2 was inoculated into
rodent IVD with a 24-gauge needle, and the tissue was har-
vested 24 hours later.

2.3. Measurement of Mechanical and Cold Allodynia. LBP
was quantified via the mechanical and/or cold paw/foot with-
drawal threshold method following previous reports [11, 12].
For the mechanical threshold, the animals rested quietly for
at least ten minutes to acclimate to the surrounding environ-
ment. Then, the calibrated Von Frey filaments (Stoelting,
Wood Dale, IL, USA) were vertically stabbed into the plantar
surface of the hind limb for 3 seconds. When the rats showed
a positive reaction (a brisk movement with or without
mouthing or biting of the hind limb), a smaller filament
was used; otherwise, a larger filament was applied. Six tests
were applied for each hind limb, and the reaction of the hind
limb was recorded. To avoid the influence of anxiety on LBP,
the stabbing motions were performed at an interval of at least
two minutes, and if the animals showed any anxiety-related
behavior, a longer rest time was necessary. The threshold of
mechanical allodynia was then calculated according to the
formula proposed by Chaplan et al. [13], and the average of
the two hind limbs was considered the final score.

To assess cold allodynia, 100% acetone was used [14]. In
brief, a drop of acetone was applied 2mm below the plantar
surface of the hind paw using a syringe because the evapora-
tion of acetone would have a cooling effect on the surface of
the hind paw and thus lead to cold hypersensitivity. Five tests
were performed for each paw, and the rats with brisk move-
ment with or without mouthing or biting of the hind limb
were considered to have positive reactions. A two-minute
interval was applied between each test. The threshold was
calculated as the percentage of positive reactions in the ten
tests.

2.4. Western Blot Analysis. After extraction, total proteins
were separated by SDS-PAGE, transferred to polyvinylidene
difluoride membranes (0.45μm, Millipore, Bedford, MA,
U.S.), and incubated with primary antibodies against SP
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(cat.No.AF8094 TAC1/Substance P, Rabbit Polyclonal Anti-
body, Beyotime Biotechnology, Shanghai, China). Subse-
quently, the membranes were incubated with a horseradish
peroxidase-conjugated secondary antibody, goat anti-rabbit
IgG (cat. No. 7074, Cell Signaling Technology, MA, U.S.),
at room temperature for 1 h, and the bands were visualized
using chemiluminescence (Millipore, Bedford, MA, U.S.).
B-actin (cat. No. BF0198, Affinity Biosciences LTD, U.S.)
served as the internal control. The images were analyzed
using a Fusion FX7 (Vilber Lourmat, Marne-la-Vallée,
France) and analyzed with Image J software.

2.5. Real-Time Quantitative PCR. The Trizol reagent (Invi-
trogen, Life Technologies Corporation, CA, U.S.) was used
to extract total RNA, and cDNA was synthesized from 1μg
of total RNA using reverse transcriptase (TaKaRa, Shiga,
Japan). An ABI 7500 Sequencing Detection System (Applied
Biosystems, CA, U.S.) was used for qRT-PCR with the SYBR
Premix Ex Tag Kit (TakaRa, Shiga, Japan). The cycling con-
ditions were as follows: 40 cycles of denaturation at 95°C
for 5 s and amplification at 60°C for 24 s. β-Actin served as
a housekeeping gene, and all reactions were run in triplicate.
The primer sequences (Sangon Biotech, Shanghai, China)
used in this study were as follows: human β-actin: forward
5′-AGCCTCGCCTTTGCCGATCCG-3′, reverse 5′-CATG
CCGGAGCCGTTGTCGAC-3′; human substance P: for-
ward 5′-GCAGAAGAAATAGGAGCCAATG-3′, reverse
5′-CATAAAGAGCCTTTAACAGGGC-3′. The target gene
expression level was normalized to the expression level of
β-actin using the 2−△△Ct method. All data were then normal-
ized to the average of the control group.

2.6. Immunofluorescence. To quantify the ROS levels in the
IVDs of patients, the samples were frozen at -20°C and sec-
tioned at 5μm and then stained with dihydroethidium
(DHE, cat No. GDP1018, Servicebio, Wuhan, China) accord-
ing to the manufacturer’s instructions. The IVDs of rats were
fixed with 4% paraformaldehyde for 12 h and then were dec-
alcified using 10% ethylenediaminetetraacetic acid (EDTA)
for 1 month before routine embedding, sectioning, and
deparaffinization. Then, the sections were stained with
DHE (cat No. S0063, Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instructions. All
images were captured under a fluorescence microscope
(Axio, Carl Zeiss, Oberkochen, Germany) and quantified
with Image-Pro Plus software.

2.7. Immunohistochemistry (IHC). For IHC analysis, the
human nucleus pulposus tissue was fixed with 4% parafor-
maldehyde for 12h and then processed via routine paraffin
embedding, sectioning, and deparaffinization. The IVDs
from rats were fixed with 4% paraformaldehyde for 12 h
and then were decalcified using 10% ethylenediaminetetra-
acetic acid (EDTA) for 1 month before sectioning. Subse-
quently, the sections were incubated with a
TAC1/substance P rabbit polyclonal antibody (cat. no.
AF8094, Beyotime Biotechnology Inc., Shanghai, China) at
4°C overnight. A specific IHC kit (cat. No. K5007, Agilent
DAKO Inc., CA, US) was used for the whole process accord-

ing the manufacturer’s protocol. Nuclei were counterstained
with hemalum (cat. G1004, Servicebio Inc., China). The
stained samples were observed and photographed under a
microscope (Axio, Carl Zeiss, Oberkochen, Germany).

2.8. Statistical Analysis. The data are expressed as the mean
± SD. For two-group analysis, a two-sided Student’s t test
was performed. Among three or more groups, one-way
ANOVA with post hoc of Tukey’s HSD test was used. Two-
way ANOVA with post hoc Tukey’s HSD test was performed
for repeated measurements. GraphPad Prism (version 8) was
used for statistical analysis, and P < 0:05 was considered sig-
nificantly different.

3. Results

3.1. The Severity of LBP Showed a Correlation with ROS
Levels in Human IVDs. To investigate the correlation
between LBP and ROS, we performed DHE staining of IVDs
from patients and quantified the ROS levels by measuring the
mean density (Figure 1(a)). When all patients were classified
into the mild (VAS ≤ 3), moderate (VAS between 4 and 7),
and severe (VAS ≥ 8) LBP groups, there was a significant
gradual increase in ROS levels among the three groups (as
depicted in Figures 1(a) and 1(e)). Furthermore, there was a
significant correlation between the ROS level and the VAS
score (Y = 0:08654 ∗ X + 4:714, R2 = 0:3926, P = 0:0002) (as
depicted in Figure 1(b)). In addition, a significant correlation
was found between the ROS level and the ODI score
(Y = 0:1956 ∗ X + 19:45, R2 = 0:2221, P = 0:0086), and a sig-
nificant correlation was found between the ROS level and the
JOA score (Y = −0:1692 ∗ X + 16:84, R2 = 0:2297, P = 0:0074
) (as shown in Figures 1(c) and 1(d)). All of these data sug-
gested that the severity of LBP showed a significantly correla-
tion with the ROS level in human IVDs.

3.2. Increased Levels of ROS Determined the Severity of LBP in
Rats. To verify the pathological role of ROS in LBP, we estab-
lished an LBP model in rats according to a previous report
[11]. An 18-gauge needle was used to puncture the IVD of
L4-5 to induce discogenic LBP and severe intervertebral disc
degeneration (Supplementary Figure 1). As depicted in
Figure 2(a), the ROS level significantly increased after
puncture, as measured by DHE staining. Furthermore,
compared with the rats in the sham surgery group, the rats
showed significant LBP starting on the 3rd day after
puncture, indicating a decrease in the mechanical allodynia
threshold and an increase in the cold allodynia threshold
(as shown in Figures 2(b) and 2(c)). When H2O2 was
injected into the IVD after puncture, the rats showed much
more severe LBP than observed in the puncture + saline
group, suggesting that ROS aggravated LBP in rats. In
contrast, when NAC was injected into the IVD to decrease
the ROS level, the LBP of the rats was relieved, showing an
increase in the mechanical allodynia threshold and a
decrease in the cold allodynia threshold compared with
those of the puncture + saline group. Therefore, we believe
that ROS represent the key factor mediating LBP in rats.
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Figure 1: The severity of LBP showed a correlation with ROS levels in human IVDs. (a) DHE staining suggested a gradual increase in ROS
levels along with more severe LBP in patients. (b, c) Linear regression analysis suggested a significant positive correlation between the ROS
level in the NP and the VAS score or ODI score. (d) There was a significant negative correlation between the ROS level and the JOA
score. (e) When the patients were classified as having mild, moderate, and severe LBP, the ROS levels were significantly gradually
increased (∗∗∗<0.001 and ∗∗<0.01 when compared between different groups. The data are shown as the mean ± SD. n = 4, n = 16, and n =
10 for the VAS mild, VAS moderate, and VAS severe groups, respectively. A linear regression model was used for correlation analysis.
One-way ANOVA and Tukey’s multiple comparison test were used for multiple group comparisons).
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Figure 2: Continued.
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3.3. ROS Induced LBP by Upregulating the Expression of SP in
NPCs. It was suggested that SP, a peptide thought to be
involved in the synaptic transmission of pain, could be
secreted by NPC and play a critical role in discogenic LBP.
Here, the relative gene expression of SP significantly
increased when NPCs were cocultured with H2O2 in a
dose-dependent manner, as shown in Figure 3(a). Further-
more, the NPCs had significantly upregulated expression of
SP protein after stimulation with H2O2 in a dose-dependent
manner (as shown in Figure 3(b)). When H2O2 was injected
into the IVDs of rats, the rats showed excessive expression of
SP (as shown in Figure 3(c)). IHC analysis verified the
increase in SP in the IVDs and the degeneration of the IVDs
(as shown in Figure 3(d)). Thus, ROS were able to induce
NPCs to secrete SP in the IVDs.

3.4. The Expression of SP Showed a Correlation with LBP. To
further confirm the pathological role of SP in LBP, we quan-
tified the expression of SP in human IVDs. The expression of
SP gradually increased with increasing severity of LBP, with a
statistically significant dose-dependent response (as depicted
in Figure 4(a)). Furthermore, direct injection of SP into the
IVDs of rats at doses of 0.1μg and 1μg resulted in significant
and marked LBP, with dose-dependent effects (as shown in
Figure 4(b)). In contrast, when the biological effect of SP
was inhibited by aprepitant, which is an antagonist of the
SP receptor, LBP was significantly relieved (as shown in
Figure 4(c)). Therefore, SP plays a critical role in mediating
ROS-induced LBP.

4. Discussion

Here, we demonstrated that the ROS level in IVDs had a cor-
relation with LBP based on clinical and animal studies. In
addition, increased ROS levels resulted in significant upregu-
lation of SP, which is a crucial factor in inducing LBP in
IVDs. In contrast, elimination of ROS or inhibition of the

SP receptor induced remarkable relief of LBP in patients.
Overall, we drew the reasonable conclusion that increased
ROS levels acted as the trigger for LBP by upregulating SP
in IVDs.

Multiple factors lead to an increase in ROS levels in IVDs.
A previous study suggested that Propionibacterium acnes, an
anaerobic low-virulence bacterium, easily infects IVDs and
then induces a significant increase in ROS [15]. In addition,
excessive mechanical loading results in mitochondrial dys-
function of NPCs and an increase in ROS levels [16]. Other
factors, such as interleukin-1β [17] or high glucose [18], were
also responsible for increased ROS levels in IVDs. In this
study, we determined that there was a remarkable increase
in ROS levels in degenerated IVDs and that this change had
a correlation with LBP in patients.

Although there are few reports clarifying the relationship
between ROS and LBP, ROS are thought to be a key factor in
inducing neuropathic pain or inflammatory pain. For exam-
ple, control of ROS levels attenuated neuroexcitability and
restrict bidirectional signaling between neurons, glia, and
immune cells that creates and amplifies pain [19]. In osteoar-
thritis, treatment with ROS scavengers had obvious benefits
for pronociceptive responses in rats [20]. Here, we further
determined that ROS were the etiology of LBP. Linear regres-
sion analysis demonstrated that the concentration of ROS
had a significant correlation with the severity of LBP,
corresponding to an increase in VAS and ODI scores and a
decrease in JOABPEQ scores. Animal data further vali-
dated this relationship: punctured discogenic lumbar IVDs
had an increase in ROS levels, administration of H2O2 led
to LBP degradation, and neutralization of ROS alleviated
LBP in rats.

There was no previous report clarifying how ROS induce
LBP. Here, our data suggested that SP maybe a key factor
participating in ROS-induced LBP. Many studies have sug-
gested that SP is an independent risk factor for LBP, because
SP is a critical neurotransmitter peptide that promotes pain
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Puncture+ saline group
Puncture+ H2O100) 2μM per disc) group
Puncture+ NAC (1mM per disc) group

3rd day 14th day
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One week
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(f)

Figure 2: Increased ROS levels determined the severity of LBP in rats. (a) Immunofluorescence analysis of DHE suggested an increase in ROS
after puncture of IVD with an 18-gauge needle. (b, c) Administration of H2O2 after puncture of IVDs resulted in much more severe LBP,
indicating a decrease in the mechanical allodynia threshold and an increase in the cold allodynia threshold when compared with those of
the puncture + saline group. (d, e) Administration of NAC (a classical antioxidant) significantly alleviated LBP in rats, suggesting an
increase in the mechanical allodynia threshold and a decrease in the cold allodynia threshold compared with those of the puncture +
saline group. (f) The timeline of drug delivery and behavioral testing for all groups (The data are shown as the mean ± SD. N = 3 ~ 5 for
each group. ∗∗∗<0.001 for comparisons between the sham surgery group and the puncture + saline group. + <0.05, ++ <0.01, and ++
+<0.001 for comparisons between the puncture + saline group and the puncture + H2O2 group or between the puncture + saline group
and the puncture + NAC group. Two-way ANOVA and Tukey’s multiple comparison test were used for statistical analysis).
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transmission in nerves. Previous histological finding sug-
gested that nerve growth into IVD with expression of SP
was a key factor in the pathogenesis of chronic low back pain
[21, 22]. In addition, biochemical analysis of a discogenic
IVD revealed the upregulation of SP when compared to the
control specimens [23, 24]. In addition, bacteria-infected
IVDs exhibited excessive secretion of SP, which then caused
severe LBP in rats [11]. Besides the effect of causing disco-
genic LBP, SP also induced IVD degeneration by stimulating
inflammatory mediators or catabolic factors [25, 26]. Thus,
we believe that abundant SP secreted by NPCs triggers
pain-related nerves in the NP and/or annulus fibrosus and
then induces LBP, and targeting SP may be a key strategy
to prevent LBP and IVD degeneration.

Here, we not only proved the close relationship
between SP and LBP but also identified NPCs as the main
source of SP after ROS stimulation. It has been reported
that NPCs secrete SP when stimulated by P. acnes [11].
Additionally, metalloproteinase-3 (TIMP3) has been
reported to regulate the secretion of SP in NPCs [27]. Pre-
vious study suggested that excessive ROS was a crucial fac-
tor for IVD degeneration by inducing inflammatory
factors and these factors may be the trigger for production
of SP [28].

However, there were still some limitations in this
study. Firstly, the long-term therapeutic effectiveness of
NAC or aprepitant treatment was not investigated in this
study, and whether they were effective for chronic LBP
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Figure 3: ROS significantly induced the expression of substance P. (a) H2O2 significantly induced the expression of the SP gene in NPCs in a
dose-dependent manner with RT-PCR expression. (b) Western blot analysis also verified the increase in SP after stimulation with H2O2 in a
dose-dependent manner. (c) Administration of H2O2 into the IVDs of rats resulted in significant upregulation of the SP protein. (d) IHC
analysis suggested a remarkable increase in SP protein levels in the NP after administration of 100μM H2O2, while the expression of the
SP protein in the sham surgery group was low (The data are shown as the mean ± SD. N = 3 ~ 5 for each group. ∗<0.05, ∗∗<0.01 and ∗∗∗

<0.001 for comparisons between two or three groups. Student’s t test was used for comparisons between two groups, while one-way
ANOVA and Tukey’s multiple comparison test were used for comparisons among three or more groups).
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Figure 4: Continued.
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was still unclear. In addition, the small clinical sample is
another limitation in this study and that may be the rea-
son for the low R2 value. Finally, the pathophysiological
mechanism about how ROS regulating the production of
SP is not clear in this study and more research is needed
in the future.

In conclusion, ROS is a primary factor in the induction of
LBP based on clinical and animal data, and the mechanism
involves ROS-mediated stimulation of NPCs to secrete SP,
which is a critical neurotransmitter peptide, to promote pain
transmission within IVDs. Therefore, reducing the level of
ROS with specific drugs may be an alternative method to
treat LBP in the clinic.
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Supplementary Materials

The IVD of L4-5 had remarkable degeneration after an 18-
gauge needle penetration. (a) The lateral X-ray examination
demonstrated that an 18-guage needle was penetrated into
the IVD of L4-5 during the surgery (marked with red arrow).
(b) Lateral X-ray examination figured out the punctured
intervertebral disc height decreased when compared with
sham-surgery animal after two weeks penetration (marked
with red arrow). (c) The punctured IVD had decreased gray
value at short T1 inversion-recovery (STIR) sequence of
MRI after two weeks when compared with sham-surgery
IVD (marked with red arrow). (d) Histological and immuno-
histochemical analysis suggested that the IVD in sham-
surgery had normal appearance, indicating as aggrecan-rich,
bulging nucleus pulposus with rare proliferated chondrocytes
and no clefts, and organized annulus fibrosus as discrete
fibrous lamellae, while the penetrated IVD had disappear-
ance of notochordal cells and the numerous levels of prolifer-
ated chondrocytes in nucleus pulposus area and the
disruption of endplates and annulus fibrosus due to the nee-
dle penetration. (Supplementary Materials)
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Low back pain (LBP) has been a wide public health concern worldwide. Among the pathogenic factors, intervertebral disc
degeneration (IDD) has been one of the primary contributors to LBP. IDD correlates closely with inflammatory response and
oxidative stress, involving a variety of inflammation-related cytokines, such as interleukin 1 beta (IL-1β), which could result in
local inflammatory environment. Ulinastatin (UTI) is a kind of acidic protein extracted from human urine, which inhibits the
release of tumor necrosis factor alpha (TNF-α) and other inflammatory factors to protect organs from inflammatory damage.
However, whether this protective effect of UTI on human nucleus pulposus (NP) exists, and how UTI affects the biological
behaviors of human NP cells during IDD remain elusive. In this current study, we revealed that UTI could improve the
viability of NP cells and promote the proliferation of NP cells. Additionally, UTI could protect human NP cells via
ameliorating IL-1β-induced apoptosis, inflammatory response, oxidative stress, and extracellular matrix (ECM) degradation.
Molecular mechanism analysis suggested that the protective effect from UTI on IL-1β-treated NP cells were through
activating nuclear factor- (erythroid-derived 2-) like 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway and the
suppression of NF-κB signaling pathway. Therefore, UTI may be a promising therapeutic medicine to ameliorate IDD.

1. Introduction

Low back pain (LBP) has ranked as one of the major public
concerns worldwide, with approximately 80% of the popula-
tions experiencing LBP in their lifetime [1]. Among various
pathogenic contributors, intervertebral disc degeneration
(IDD) has the mostly focused and studied [2].

Automatically, the intervertebral disc includes three main
structures: the inner nucleus pulposus (NP), circumferential
fibrocartilaginous annulus fibrosus (AF), and cartilaginous
endplates (EP) that cap the NP and AF [3]. Under healthy
condition, NP tissue is mainly composed of NP cells and
extracellular matrix (ECM) (collagen type II and aggrecan)
[4]. Plentiful studies have previously suggested that IDD is
a pathological process which is closely related to inflamma-

tory responses and oxidative stress, and involves a variety
of inflammation mediators such as interleukin 1 beta
(IL-1β) and tumor necrosis factor alpha (TNF-α) [5]. Fur-
thermore, these inflammation cytokines will trigger the
generation of a series of inflammatory factors, such as
nitric oxide (NO) and prostaglandin E2 (PGE2), which can
promote cell apoptosis, excessive inflammation reactions,
and the generation of reactive oxygen species (ROS). Taken
together, IDD will be initiated under the conditions above.
Subsequently, these pathogenic changes may compromise
the integrity of the intervertebral disc, cause abnormal distri-
bution of mechanical load imposed on the spine, and conse-
quently destroy the mechanical properties of the spine. At
molecular level, nuclear tor-erythroid 2-related factor-2
(Nrf2) has been reported to process the role of antioxidant
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and anti-inflammation in many degeneration-related dis-
eases [6]. Previous studies have demonstrated that activated
nuclear factor- (erythroid-derived 2-) like 2 (Nrf2)/heme
oxygenase-1 (HO-1) signaling pathway showed inhibitory
effect on NF-κB in NP cells. Tang et al. have also suggested
that the expression of Nrf2 elevated in human degenerative
NP tissue and that knocking down Nrf2 aggravated IDD
[7]. Therefore, agents targeting at reversing or enhancing
the expression of Nrf2 may be beneficial in the treatment
of IDD.

Ulinastatin (UTI) is a kind of acidic protein extracted
from human urine, which is a highly effective protease inhib-
itor with the function of stabilizing cell membrane and lyso-
somal membrane [8]. In addition, UTI can inhibit the release
of tumor TNF-α and other inflammatory factors, prevent the
interaction between inflammatory mediators and leukocytes,
and depress aggregation and activation of leukocyte. UTI is
clinically used to inhibit systemic inflammatory reactions
such as pancreatitis and acute circulatory failure, presenting
a wide range of pharmacological effects and significant pro-
tective effects on the heart, lung, kidney, brain, and other
organs [9]. Hua et al. have studied the effect of UTI on degen-
erated NP cells of rabbits and found that UTI could inhibit
the expression of MMP-2, MMP-3, and iNOS [10]. However,
whether this protective effect of UTI on human NP remains
equally valid and how UTI affects the biological behaviors
of human NP cells remain elusive.

The objective of the present study is to examine the bio-
logical effects of UTI on human NP cells and the underlying
molecular mechanisms. The evidence provided by this study
will be of great significance for the clinical application of UTI
in the treatment of IDD.

2. Methods and Materials

2.1. Acquisition and Patient Samples. The experiment was
approved by the ethics committee from Changzheng Hospi-
tal, and the signed informed consent was acquired from all
patients. The NP cells were collected from 12 patients (male
5, female 7, mean age 45:00 ± 9:07 years) from January
2020 to January 2021. All patients accepted preoperative
MRI of the lumbar spine, and the Pfirrmann grading system
was used to assess the condition of the affected disc. Accord-
ing to Pfirrmann grade, patients were divided into nondegen-
eration group (Grade II) and degeneration group (Grade IV).
The nondegeneration group consisted of 6 patients with
idiopathic scoliosis or lumbar trauma who required lumbar
surgery, and all 6 patients in degeneration group were treated
due to IDD and associated compression of nerve roots at
lumbar spine.

2.2. Human NP Cells Isolation, Culture, and Identification.
This method has been reported previously [11, 12]. After
separated from patients intraoperatively, NP tissue was
immediately stored in 0.9% sodium chloride solution and
then transported to super clean bench. Following being
washed twice using aseptic PBS, NP tissue was isolated with
Trypsin-EDTA (0.25%, Gibco, Invitrogen) for 20-30 minutes
and collagenase type II (0.2%, Invitrogen, Carlsbad, CA,

USA) for another 3-4 h at 37°C combined with 0.1% of fetal
bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc.)
and 1% of a penicillin-streptomycin mix (Gibco; Thermo
Fisher Scientific, Inc.). After isolation, NP cells were resus-
pended in DMEM/F12 with 20% of FBS and 1% penicillin-
streptomycin solution and cultured at 37°C. Frequently, NP
cells would move out of the fragment tissues after five days,
which we could passage 0. When confluent to about 80%-
90%, the cells were digested by Trypsin-EDTA for 2 minutes
at 37°C. Next, cells were resuspended and replanted into
25 cm3 culture flasks with a proper density. Due to no obvi-
ous morphological changes of NP cells between initial cells
(passage 1, P1) and following passage cells (P4), the low-
passage (<4) cells were used for the following experiments.
The phenotype of NP cells was validated by identifying the
expression of type II collagen and aggrecan (Supplementary
file 1).

2.3. Cell Viability Assay. In this section, cell Counting Kit-8
(CCK-8, Dojindo, Japan) was used. Briefly, the human NP
cells were seeded in a 96-well plate with a density of 4 − 5 ×
103 cells/well. After cell adhesion of 24 hours, cells were stim-
ulated by various concentrations of UTI (0-5000U/mL) were
for 24h at 37°C. Next, 10μL CCK-8 solution combined with
100μL of DF-12 was added into all tested well, and then, the
cells were incubated at the temperature of 37°C for 1 h. The
absorbance was measured (450 nm) on an absorbance micro-
plate reader (Bio-Tek, USA).

2.4. Real Time Quantitative PCR (qRT-PCR). Total RNA was
isolated from the human NP cells seeded in six-well plate
with RNA extraction kit, and the concentration of mRNA
was frequently 100ng/μL (Magen, Inc. Guangzhou, China).
Then, cDNA was reversed using HiScript ® III RT SuperMix
for qPCR Kit (R323-01, Vazyme, Nanjing, China), frequently
with 2μL 5x III RT SuperMix, 1-2μL mRNA solution, and
6-7μL RNase-free ddH2O. The expression at mRNA levels
of anabolic and catabolic gene was then quantified by Real-
time PCR with the SYBR qPCR Master Mix (Q711-02,
Vazyme, Nanjing, China) on a ABI 7500 Real-Time PCR
system (Applied Biosystems, Foster City, USA). The reaction
conditions were designed 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). GAPDH was used as the normaliza-
tion, and all reactions were run for three times. The primer
sequences used for qRT-PCR analysis are shown in Table 1.

2.5. Immunohistochemical Analysis. The methods have been
reported previously [13]. Briefly, intervertebral disc sections
were firstly embedded in paraffin. Then, the sections were
deparaffinized, and the 3% hydrogen peroxide was used
to block the endogenous peroxidase. Subsequently, after
antigen retrieval using pepsin (Servicebio, Wuhan, China)
in 5mM HCl, the sections were incubated with 10% goat
blocking serum for 20-30min, then with primary antibody
against IL-1β (#12242, 1 : 100, Cell Signaling Technology,
Inc. USA), p65 (#8242, 1 : 400, Cell Signaling Technology,
Inc. USA), and Nrf2 (340675, Zenbio, Chengdu, China,
1 : 500) at 4°C overnight. Finally, HRP-conjugated secondary
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antibody (GB23302/23303, Servicebio, Wuhan, China) was
added to the sections, and the sections were further counter-
stained using hematoxylin. Images were obtained using light
microscopy (Olympus, Japan).

2.6. Western Blot (WB) Analysis. After different treatments,
NP cells were lysed using ice-cold RIPA for 5min, and the
dissolved protein was quantified using the Protein Measure-
ment Assay kit (PC0020, Solarbio Beijing, China). Sodium
dodecyl sulphate polyacrylamide gel electrophoresis was car-
ried out to separate the acquired proteins based on a 10% gel,
and then, the separated proteins were transported onto a
polyvinylidene fluoride (PVDF) membrane (EMDMillipore,
Billerica, MA, USA). Blocking was carried out using nonfat
milk dissolved in Tris-buffered saline-Tween (Invitrogen,
San Diego, CA, USA) with the concentration of 5% for at
least two hours, and the membranes were incubated with pri-
mary antibodies against: MMP-13 (820098; 54 kDa; Zenbio,
Chengdu, China, 1 : 1000), type II collagen (Collagen II
(1 : 1000, ab34712, Abcam), Aggrecan (ab36861, 1μg/mL,
Abcam, USA), PCAN (#13110, Cell Signaling Technology,
Inc. USA, 1 : 1000), Bcl2 (381702, Zenbio, Chengdu, China,
1 : 1000), Bax (200958, Zenbio, Chengdu, China, 1 : 1000),
C-caspase-3 (#9664, Cell Signaling Technology, Inc. USA,
1 : 1000), MMP-3 (380816; 60 kDa; Zenbio, Chengdu, China,
1 : 1000), NOX4 (ab109225, Abcam, USA, 1 : 2000), NOX2
ab129068, Abcam, USA, 1 : 2000), SOD1(#37385, Cell Signal-
ing Technology, Inc. USA, 1 : 1000), TNF-α (#3707, Cell
Signaling Technology, Inc. USA, 1 : 1000), IL-6 (#12153, Cell
Signaling Technology, Inc. USA, 1 : 1000), iNOS (#20609,
Cell Signaling Technology, Inc. USA, 1 : 1000), COX-2
(#12282, Cell Signaling Technology, Inc. USA, 1 : 1000),
NF-κB p65 (D14E12, #8242, cell signaling technology, Inc.,
3 Trask Lane Danvers, USA), p-p65 (Ser536; #3033, cell
signaling technology, Inc., 3 Trask Lane Danvers, USA),
Ik-Ba (380682, 35kDa; Zenbio, Chengdu, China, 1 : 1,000),
p-Ik-Ba (340776,35kDa; Zenbio, Chengdu, China, 1 : 1,000),
Histon H3 (Histon H3 (250182, 15kDa; Zenbio, Chengdu,
China, 1 : 1,000), and GAPDH (5174, cell signaling tecnol-
ogy, Inc., 3 Trask Lane Danvers, MA 01923) at 4°C for
overnight. After washed using TBST for three times, the
membranes were further incubated with the secondary anti-
bodies (380172 and 511103, Zenbio, Chengdu, China,

1 : 5,000) for another 2 hours. The target protein bands were
visualized using a Tanon Imaging System (version 5200,
Tanon Science & Technology Co., Ltd., Shanghai, China).

2.7. TUNEL Assay. After fixed by paraformaldehyde (4%) for
30 mins, the disc samples were washed by PBS for 3-4 times.
Then, NP cells were permeabilized using 0.3% Triton for 5-
10 mins. Next, samples were incubated with fluorescein
(FITC) Tunel Cell Apoptosis Detection Kit (G1501-100T,
Servicebio, Wuhan, China) for 1 hour. Nuclear was subse-
quently stained with DAPI solution in the dark environment.
Finally, images of apoptotic cells were acquired using fluores-
cence microscope (Olympus, Japan).

2.8. Hoechst Staining. After being treated by IL-1β
(10 ng/mL) with or without UTI (100U/mL) for 24 h, the
NP cells were incubated with 1mL Hoechst 33342 solution
for 20-30 minutes. The morphologic changes of the apoptotic
cell nuclei could be detected by a fluorescence microscope
(Olympus, Japan).

2.9. Evaluation of the Mitochondrial Membrane Potential.
Mitochondrial membrane potential (MMP) could reveal the
functional condition of mitochondrion. JC-1 Staining was
performed via JC-1 Staining kit (Beyotime Biotechnology,
Inc., Shanghai, China). Briefly, after treated with IL-1β
(10 ng/mL) with/without UTI (100U/mL) for 24 h, NP cells
were washed by cool PBS twice and were incubated with
JC-1 staining fluid in 37°C for 2 hours. Then, the NP cells
were washed with JC-1 dyeing buffer solution (1X) for two
times, followed by adding 2mL of cell complete medium.
Finally, a fluorescence microscope (Olympus, Japan) was
used to analyze the JC-1 staining of NP cells.

2.10. Analysis of Apoptosis by Flow Cytometry. The method
has been reported previously [14]. Annexin V-FITC Apopto-
sis Detection Kit (C1062M, Beyotime Biotechnology, Inc.,
Shanghai, China) was used. Briefly, the NP cells in different
groups (Control, IL-1β, IL-1βL+UTI) were trypsinized
(non-Ca2+), washed, and resuspended in 195μL binding
buffer at a density of 5:0 − 10:0 × 104 cells/mL. Next, 5μL
of annexin V-FITC and 10μL of a PI solution were added
to the cells for 5-10 mins in the dark environment, whereas

Table 1: Sequence of primers for qRT-PCR.

Gene name Sequence 5′ to 3′

MMP-3
F GATGCGCAAGCCCAGGTGTG

R GCCAATTTCATGAGCAGCAACGA

MMP13
F TCAGGAAACCAGGTCTGGAG

R TG A C G C G A A C A ATA C G G T TA

Collagen type II
F AATTCCGACCTCGTCATCAG

R GCCTGGATAACCTCTGTG

Aggrecan
F TGAGCGGCAGCACTTTGAC

R TGAGTACAGGAGGCTTGAGG

GAPDH
F GCCGCTTCTTCTCGTGCAG

R AT G G AT C AT T G AT G G C G A C A A C AT
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the control group was stained with either annexin V-FITC or
PI and, finally, examined via flow cytometry.

2.11. Enzyme-Linked Immunosorbent Assay. To obtain the
conditioned media for cytokine array analysis, the NP cells
were dealt with differently (Control, IL-1β, IL-1βL+UTI)
for 24 without culture medium change. Then, the condi-
tioned media were collected from each group and centrifuged
(5000 rpm at 4°C for 15 minutes). The supernatants were
stored at -80°C in separate until use and diluted with the
appropriate standard diluents before measurement. Mea-
surements for collagen-II, MMP-3/13, Aggrecan, MDA,
SOD, TNF-α, IL-6, Nitrite, and PGE2 were performed on
the supernatants with Enzyme-Linked Immunosorbent
Assay (ELISA) kits (Westang, China). The optical density
with a wavelength of 450 OD was tested.

2.12. Analysis of Reactive Oxygen Species (ROS). The method
has been described previously [15]. After treatment, NP cells
were washed for 2-3 times with PBS and then stained using
FBS-free cultural medium with 2,7-dichlorodi-hydrofluores-
cein diacetate (DCFH-DA, 10μM, Beyotime, Shanghai,
China) for 15 mins at 37°C. After that, the NP cells were once
again washed for 3 times using FBS-free cultural medium.
The reaction between ROS and DCFH-DA would generate
dichlorofluorescein (DCFH), which could emit green fluores-
cence. The level of ROS was then observed by fluorescence
microscope (Olympus, Japan).

2.13. Immunofluorescence Analysis. For aggrecan, type II col-
lagen, MMP3, Ki-67, p65, and Nrf2 immunofluorescent
staining, NP cells with different treatments were fixed using
4% PFA for 15-20min and were permeated for another
5min using 0.1% v/v Triton X-100. Cells were incubated with
Aggrecan (GB11373, 1 : 500-1 : 1000, Servicebio, Wuhan,
China), type II collagen (GB11021, 1 : 100-1 : 500, Servicebio,
Wuhan, China), MMP3 (GB11131, 1 : 400-1 : 1600, Service-
bio, Wuhan, China), Ki-67 (GB111141, 1 : 1200, Servicebio,
Wuhan, China), NF-κB p65 (D14E12, #8242, cell signaling
technology, Inc., 3 Trask Lane Danvers, USA), and Nrf2
(340675, Zenbio, Chengdu, China, 1 : 100) diluted in 0.2%
w/v bovine serum albumin- (BSA-) TBS for 1 h and then
washed with PBS. Cells were incubated with DAPI solution
(G1012-100ML, Servicebio, Wuhan, China) for visualization
of nuclei and, then, incubated with FITC-conjugated goat
anti-rabbit IgG (GB22303, Servicebio, Wuhan, China) and
Cy3-conjugated goat anti-rabbit IgG (GB21301, Servicebio,
Wuhan, China) for 30mins in the dark environment. Fluo-
rescence detection was performed by fluorescence micro-
scope (Olympus, Japan).

2.14. Statistical Analysis. All experiments in this present
study were performed for at least three times. The quantified
data were presented as mean ± standard deviation (S.D).
Statistical analyses were carried out using GraphPad Prism
8 (GraphPad Software Inc; La Jolla, CA) for Windows adopt-
ing one-way analysis of variance (ANOVA), followed by the
Student–Neuman–Keuls post hoc test to make the compari-
sons between groups. p values less than 0.05 or otherwise
indicated a statistical difference.

3. Result

3.1. Increased Expression of NF-κB and Decreased Expression
of Nrf2 in Degenerated Human Disc Tissue. Intervertebral
disc tissue samples were divided into nondegenerated group
(grade II, n = 6) and degenerated group (grade IV, n = 6)
based on the classification system [16]. As shown in
Figure 1, degenerated disc tissue had higher TUNEL-
positive cell (Figure 1, A). In addition, Western blot anal-
ysis also suggested that intervertebral disc tissue sample of
grade IV presented with typical features of IDD, including
increased expression of MMP3 and decreased expression
of type II collagen and aggrecan (Figures 1(b) and 1(c)).
Furthermore, immunohistochemical analysis indicated that
there were significantly higher ratio of IL-1β-and NF-κB-
positive cells and lower ratio of Nrf2-positive cells in
human NP tissue with degenerated intervertebral disc
(Figures 1(e) and 1(f)). These results above showed that
lower levels of Nrf2 may correlate with higher severity of
IDD.

3.2. UTI Could Enhance the Cell Viability of NP Cells and
Promote the Proliferative Ability of NP Cells. To determine
the potential role of UTI on human NP cells, we firstly
explored the cytotoxic effect of UTI on NP cells via a CCK-
8 assay kit. As indicated in the results, UTI could significantly
increase the cell viability of human NP cells without obvious
cytotoxicity in vitro in a concentration below 4000U/mL
with the IC50 of 6898U/mL, which suggested the safety
range of UTI was wide (Figures 2(a) and 2(b)). In addition,
Western blot result suggested that UTI could also promote
the expression of PCNA in NP cells in a concentration-
dependent manner (Figures 2(c) and 2(d)). Immunofluores-
cence analysis for Ki-67, a marker of cell proliferation, also
confirmed the promoting effect of UTI on the proliferative
ability of human NP cells (Figures 2(e) and 2(f)).

3.3. UTI Could Protect Human NP Cells against Apoptosis
Induced by IL-1β. As indicated in Figure 1, the level of IL-
1β increased significantly in degenerated intervertebral disc
(Figure 1(a)), and previous studies also reported that IL-1β
played a critical role in promoting IDD [17, 18]. Therefore,
IL-1β was used in its present study to established human
NP injury model in vitro. We pretreated NP cells with UTI
and then added IL-1β to NP cells with for 24h to investigate
the biological effect of UTI on NP cells under IL-1β condi-
tion. Western blot results uncovered that IL-1β increased
the apoptosis-related marker, Bax and cleaved-caspase 3,
and suppressed the expression of antiapoptosis molecular,
Bcl-2 (Figures 3(a) and 3(b)). However, this proapoptosis
effect was reversed by UTI, as indicated by CCK-8 assay,
Hoechst test, and flow cytometry analysis (Figures 3(c)–
3(f)). In addition, western blot and analysis of MMP also
confirmed the protective effect of UTI on IL-1β-induced
human NP cells (Figures 3(g)–3(j)). Collectively, these
results above showed that UTI could protect human NP
cells against IL-1β-induced apoptosis.

3.4. UTI Ameliorated ECM Degradation in IL-1β-Induced
Human NP Cells. The key feature of IDD is the
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disequilibrium of ECM synthesis and degradation [19]. To
explore the protective effect of UTI on IL-1β-induced human
NP injury, we then examined the change of ECM. As shown
in Figure 4, immunofluorescence analysis for type II collagen
and MMP3 suggested that IL-1β stimulation obviously sup-
pressed the synthesis of type II collagen in human NP cells
but increased the production of MMP3 (Figure 4(a)). Never-
theless, these abnormal alterations in the ECM of NP cells
induced by IL-1β were significantly ameliorated by UTI
(Figure 4(a)). Additionally, the results of qRT-PCR and
Western blot also suggested the protective effect of UTI
on IL-1β-induced ECM degradation in human NP cells
(Figures 4(b)–4(d)).

To explore the ECM change by phenotype, in addition to
immunofluorescence analysis, we also examined the secre-
tion of catabolic proteinases in IL-1β-induced NP cells via
ELISA, and the results revealed that pretreatment with UTI
could also mitigate the increased expression of MMP3/13
induced by IL-1β in a concentration-dependent dose and

that the protein expression of collagen type II and aggrecan
were also improved by UTI, while NP cells were injured by
IL-1β (Figure 4(e)). Conclusively, UTI ameliorated IL-1β-
induced ECM degeneration in vitro.

3.5. UTI Improved Oxidative Stress Damage in Human NP
Cells Induced by IL-1β. ROS content frequently indicates
intracellular oxidative conditions. As shown in Figure 5, IL-
1β increased the ROS level by more than 3-fold in NP cells
(Figures 5(a) and 5(b)). However, after pretreatment with
UTI, the increased ROS level induced by IL-1β was amelio-
rated (Figures 5(a) and 5(b)). ELISA analysis also suggested
the suppressive effect of UTI on IL-1β-induced oxidative
stress (Figure 5(c)). At the level of molecule, Western blot
analysis suggested that prooxidative stress-related proteins,
Nox2/4, were significantly increased by IL-1β and that the
expression of antioxidative stress-related protein, SOD1,
was inhibited. Nevertheless, these effects were all reversed
by UTI in a dose-dependent manner (Figures 5(d) and 5(e)).
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Figure 1: The protein expression of Nrf2 and p65 in human NP tissues. (a) The apoptotic NP cells (red) in intervertebral disc between Grade
II and Grade IV were visualized via TUNEL staining and the nuclei were stained with DAPI. Scar bar = 300μm. (b) Three randomized
versions were selected, and TUNEL staining-positive cells were quantified via the amount of red fluorescence. (c, d) Protein bands and
quantification of expression levels of Aggrecan, Type II collagen, and MMP 13. Scar bar = 100 μm. (e) Immunohistochemical results were
used to examine the protein levels of IL-1β, p65, and Nrf2 in the human NP tissue with Grade II and Grade IV. (f) Three versions were
randomly selected, and the stained cells were quantified separately. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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3.6. UTI Exerted Anti-Inflammatory Effect via Regulated
Inflammation-Related Mediators in Human NP Cells
Induced by IL-1β. During IDD, excessive focal inflammatory

response will damage the normal biological function of NP
cells in a positive-feedback manner, inhibiting the abnormal
inflammatory microenvironment in disc tissue becomes a
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Figure 2: Effects of UTI on the proliferative ability in human NP cells. (a) The biological effect of UTI on the cell viability of NP cells (n = 5).
(b) IC50 of UTI for human NP cells. (c, d) Protein bands and quantification of expression levels of PCNA (n = 3). (e, f) Expression of Ki-67
(green) was detected by the immunofluorescence. The ratios of cells with green fluorescence were calculated. Scar bar = 200 μm. ∗p < 0:05,
∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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Figure 3: Continued.
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Figure 3: Continued.
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therapeutic target [20, 21]. Therefore, we further explored the
impact of UTI on IL-1β-induced inflammatory response.
COX-2 and iNOS have been previously reported to be the
two key inflammatory mediators during IDD. In this present
study, we firstly examined the protein level of COX2 and
iNOS in NP cells treated by L-1β with or without UTI. As
shown in Figure 6, UTI dramatically suppressed IL-1β-
induced expression of COX2 and iNOS as well as proinflam-
matory factors, IL-6 and TNF-α (Figures 6(a)–6(e)). In
addition, The generation of endogenous of IL-6 and TNF-α
during IL-1β stimulation was also inhibited by UTI
(Figures 6(f) and 6(g)). ELISA also demonstrated that UTI

ameliorated the production of endogenous NO and PGE2
(Figures 6(h) and 6(i)).

These results indicated that UTI inhibited the IL-
1β-induced generation of inflammatory mediators and
cytokines.

3.7. UTI Regulated IL-1β-Induced NF-κB Activation in NP
Cells. NF-κB pathway has been widely reported to be
involved in the generation of inflammation response and oxi-
dative stress during IDD [22–24]. As shown in Figure 7,
without IL-1β intervention, p65 was primarily distributed
in the cytoplasm of NP cells, whereas the amount of p65
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Figure 3: Biological effect of UTI on IL-1β-induced apoptosis in human NP cells. (a, b) Protein bands and quantification of expression levels
of Bcl-2, Bax, and cleaved caspase 3 in IL-1β-induced NP cells. Bax/Bcl-2 ratios were calculated (n = 3). (c) Effect of UTI with indicated
concentrations on cell viability of IL-1β-induced NP cells (n = 5). (d) Hoechst staining was used to conduct analysis of the nuclear
morphology. Scar bar = 100 μm. (e, f) The rates of apoptosis of human NP cells as determined by flow cytometry (n = 3). (g, h) Protein
bands and quantification of expression levels of Bcl-2, Bax, and cleaved caspase 3 in IL-1β-induced NP cells cotreated with UTI. Bax/Bcl-2
ratios were calculated (n = 3). (i, j) The JC-1 monomers (red) and JC-1 aggregates (green) were detected by the fluorescent probe JC-1,
and the ratios of JC-1 aggregate/monomer were calculated. Scar bar = 200μm. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
∗indicated the comparison between group IL-1β and group control. #p < 0:05, ##p < 0:01, ###p < 0:001, ####p < 0:0001. #indicated the
comparison between group IL-1β and group UTI+IL-1β.
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Figure 4: Continued.
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was elevated dramatically in the nuclei and was reduced in
the cytoplasm following IL-1β treatment. This phenome-
non suggested that IL-1β treatment dramatically increased
the nuclear translocation of p65. However, this effect was
suppressed by UTI (Figures 7(a) and 7(b)). Additionally,
Western blot analysis also confirmed the suppressive effect
of UTI on IL-1β-triggered nuclear translocation of p65
(Figures 7(c) and 7(d)). In general, NF-κB exists as an
inactive condition in the cytoplasm due to its interaction
with IκB family proteins which suppress the nuclear trans-

location of NF-κB. Once stimulated, the phosphorylated
IKK-β activates IκB-α which becomes phosphorylated
and ensuing degraded, and thus, NF-κB will be released
and translocate into cell nucleus [25]. Therefore, we also
explored the change of IκB-α and found that IL-1β inter-
vention markedly promoted the phosphorylation and deg-
radation of IκBα in the cytoplasm. The increased amount
of p65 in the cytoplasm of the NP cells treated by UTI
also confirmed the suppression of IL-1β-activated nuclear
translocation of p65 (Figures 7(e) and 7(f)).
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Figure 4: UTI ameliorated IL-1β-induced ECM degradation in human NP cells. (a) The expression of MMP3 and type II collagen by the
immunofluorescence. Scar bar = 50 μm. (b) qRT-qPCR was used to evaluate the mRNA expression of MMP 3, MMP 13, ACAN, and
COL2A1 (n = 3). (c, d) Protein bands and quantification of protein levels of MMP 13, MMP 3, type II collagen, and aggrecan. GAPDH as
an internal control (n = 3). (e) IL-1β-induced differential expression of MMP 13, MMP 3, type II collagen, and aggrecan were measured
by ELISA cotreated with UTI in a dose-dependent manner in the cultural supernatant of NP cells (n = 3). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p <
0:001, ∗∗∗∗p < 0:0001; #p < 0:05, ##p < 0:01, ###p < 0:001, ####p < 0:0001. The comparison among groups has been marked in figure.
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In conclusion, UTI inhibited the IL-1β-induced activa-
tion of NF-κB by inhibiting IκBα phosphorylation in the
cytoplasm and thus suppressed the amount of p65 transloca-
tion into the nuclei of the NP cells.

3.8. UTI Regulated IL-1β-Induced Apoptosis, Inflammation
Response, and Oxidative Stress via Nrf2/NF-κB Signaling
Pathways in Human NP Cells. As presented, Western blot

results suggested that IL-1β suppressed the amount of Nrf2
in the nucleus and HO-1 in cytoplasm of human NP cells,
whereas these effects were ameliorated by UTI (Figures 8(a)
and 8(b)). Notably, no obvious difference was observed
between normal cultured NP cells and IL-1β-treated NP
cells in terms of the expression level of Nrf2 and HO-1,
although NP cells with IL-1β seem to express higher level
of these two proteins (Figures 8(a) and 8(b)). Furthermore,
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Figure 5: Effect of UTI on IL-1β-induced oxidative stress in human NP cells. (a) The distribution of ROS (green) was detected by the
immunofluorescence in human NP cells treated with IL-1β or cotreated with IL-1β and UTI. Scar bar = 100μm. (b) The fluorescence
strength of ROS (green) was quantified by Image J (n = 3). (c) IL-1β-induced differential levels of SOD and MDA were assessed by ELISA
with UTI in a dose-dependent manner in human NP cells (n = 5). (d, e) Protein bands and quantification of protein levels of NOX4,
NOX2, and SOD1 (n = 3). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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Figure 6: Continued.
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immunofluorescence analysis for Nrf2 demonstrated that
UTI enhanced the nuclear translocation of Nrf2, which
was consistent with the results of WB (Figure 8(c)).

To further explore the potential association between Nrf2
and pathological features of human NP cells induced by IL-
1β, we used small interfering RNA for Nrf2 (siRNA-Nrf2)
to establish the knockdown model of Nrf2 in NP cells. As
shown in Figure 8, siRNA-Nrf2 evidently inhibited the
expression of Nrf2, suggesting the successful establishment
of Nrf2 knockdown (Figure 8(d)). However, following
knockdown of Nrf2, the amount of p65 in nucleus of NP cells
was negatively increased during stimulation by IL-1β with or
without UTI (Figure 8(d)). What is more, the expression of
SOD1 was decreased, whereas the expression of iNOS,
COX2, and c-caspase3 was increased after pretransfection
with siRNA-Nrf2 (Figures 8(e) and 8(f)). Taken together,
the Nrf2 pathway was involved in UTI-mediated NF-κB sig-
naling suppression, and subsequent regulation of apoptosis,
inflammation response, and oxidative stress in human NP
cells treated with Il-1β.

4. Discussion

In the context of the fourth industrial revolution, the propor-
tion of static work in human labor is increasing, and the spine
is under an unprecedented state of continuous fatigue.
According to the epidemiological survey, more than 80% of
the population worldwide would suffer from LBP in their
lifetime [3]. As a major cause of LBP, IDD has been a multi-
factorial disease with typical features of ECM degradation
and an increasing reduction in the number of NP cells. Thus,
delaying the ECM degradation and reducing the cell apopto-
sis become the critical aims in the treatment of IDD.

An increasing number of studies have suggested excessive
inflammatory response and oxidative stress may be the major
causes of IDD [26]. Accumulating the production of local
inflammatory mediators, such as IL-1β, could trigger NP cell
injury [27]. In addition, injured NP cells could further pro-
duce proinflammatory and oxidative stress-related cytokines
which further exacerbate the progression of IDD via a malig-
nant positive feedback loop [28]. Therefore, genetic or phar-

macologic interventions targeting at the inflammatory
mechanisms and ECM degradation may be a novel strategy
for treating IDD. IL-1β is reported to correlate closely with
multiple pathological process of IDD [29]. Therefore, in this
present study, we established IDD model in vitro using IL-
1β, and the results suggested the protective role of UTI in
IL-1β-induced cell apoptosis, inflammation response, oxida-
tive stress, and ECM degradation via Nrf2/NF-κB pathway in
human NP cells.

One of the major characteristics of IDD is decreasing
number of NP cells [29]. Accumulating studies have shown
that cell apoptosis played a vital role in reducing NP cells
[30, 31]. Firstly, we evaluated the biological effect of UTI on
the proliferative ability of NP cells induced by IL-1β. As dem-
onstrated in the results, UTI elevated the cell viability and
proliferative ability of NP cells. On the other hand, we also
explored the effect of UTI on NP cell apoptosis. Apoptosis
is mainly triggered by two classical pathways: death receptors
pathway and mitochondria pathway. In fact, the intrinsic
pathway is frequently coregulated by Bcl-2 and Bax [32].
The ratio of Bax/Bcl-2 can be used to estimate level of
apoptosis. As indicated by the results, IL-1β aggravated the
apoptosis of NP cells, whereas this damaging effect was
improved by UTI. Further results of CCK-8 assay, Hoechst
test, flow cytometry analysis, and analysis of MMP also con-
firmed the protective effect of UTI on NP cells. Taken
together, the results above suggested that UTI has proproli-
ferative and antiapoptotic effects on NP cells stimulated by
IL-1β and that the antiapoptotic effect may, at least partly,
be attributed to the suppression of the mitochondrial apopto-
sis pathway.

During the process of IDD, increasing MMPs, and
decreasing type II collagen and aggrecan can be another
two typical features of degenerated disc. Under normal con-
dition, the type II collagen and aggrecan constitute the highly
hydrated nature of the NP, which can help keep disc height
[33]. However, abnormal generation of matrix-degrading
enzymes (MMPs and ADAMTs) due to various factors will
result in ECM degradation. In addition, excessive accu-
mulation of inflammatory mediators can further increase
the expression of MMPs and ADAMTs, accelerating the
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Figure 6: Impact of UTI on IL-1β-induced expression of inflammatory factors in human NP cells. (a–e) Protein bands and quantification of
protein expression of TNF-α, iNOS, IL-6, and COX-2. GAPDH as an internal control (n − 3). (f–i) Differential expression of TNF-α, IL-6,
Nitrite, and PGE2 were quantified by ELISA assay (n = 5). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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progression of IDD [34]. Following, we stimulated NP
cells with IL-1β, and the NP cells showed increased
expression of MMP3/13 and decreased expression of type
II collagen and aggrecan. Nevertheless, administration of UTI
suppressed these abnormal changes, indicating the suppres-
sive effect of UTI on IL-1β-induced ECM degradation.

Abnormally, increasing proinflammatory mediators,
such as IL-6, can also accelerate IDD [34, 35]. We also
assessed the potential effect of UIT on the IL-1β-induced
inflammatory response and found that the increased levels
of IL-6 and TNF-α induced by IL-1β were inhibited by
UTI, as demonstrated by Western blot analysis and ELISA
results. In addition, the proinflammatory mediators, iNOS
and COX-2, were also negatively regulated by UTI. On the
other hand, overproduction of ROS due to environmental
stress or inflammation was also a critical factor contributing
to IDD [36]. In our study, IL-1β caused increased levels of
ROS, MDA, and NOX2/4 but decreased level of SOD,
whereas UTI mitigated these changes. Collectively, UTI
showed a protective effect on IL-1β-treated NP cells by sup-
pressing the excessive activation of inflammatory responses
and oxidative stress.

Increasing studies have proved that activated NF-κB
pathway is associated with the progression of IDD and,
widely, involved in the proapoptotic effect, inflammatory
response, oxidative stress, and the production of ECM-
degradation proteinases [37–39]. IL-1β stimulation can
activate IκBα, which subsequently facilitates the nuclear

translocation of p65. The activated NF-κB pathway will fur-
ther promote the generation of proinflammatory molecules
(COX-2 and iNOS), which could result in the ECM degrada-
tion [18, 40]. Suppressing the activation of NF-κB pathway
has been considered as a promising therapeutic insight
against IDD. A recent study by Yi et al. revealed that inhibit-
ing NF-κB pathway could decrease apoptosis and inflamma-
tion response in injured NP cells [22]. In this present study,
we found that UTI could suppress the nuclear translocation
of p65 and reduce the cell apoptosis and abnormal generation
of inflammatory mediators, cytokines, and MMPs. Although
not all of those effects of p65 are direct, UTI, at least partly,
protects NP cells against apoptosis and the inflammatory
response by suppressing NF-κB pathway.

According to this current study, oxidative stress injury
frequently occurs with inflammatory response during IDD.
The results above also suggested the inhibitory effect of UTI
on the level of oxidative stress. Previous studies have revealed
that Nrf2/HO-1 pathway plays a key role in anti-inflamma-
tion, antioxidation, and reducing mitochondrial damage
[41, 42]. Tang et al. ever reported that activating Nrf2 could
suppress the NF-κB signaling pathway and ameliorate the
progression of osteoarthritis (OA) [43]. Dawei song found
that theophylline could activate Keap1/Nrf2/ARE pathway
to exert effects of antioxidation and slow down the IDD
[44]. Cuadrado et al. also revealed that the deficiency of
Nrf2 can lead to the enhancement of NF-κB activity and
cytokine production [45]. However, whether Nrf2/HO-1
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Figure 7: Effects of UTI on the activation of NF-κB pathway induced by IL-1β in human NP cells. (a, b) The nuclei translocation of p65 in
different groups was visualized. Intensity of nuclear p65 fluorescence was quantified (n = 3). Scar bar = 200 μm. (c, d) Differential expressions
of p65 in cytoplasm and in nucleus were visualized and quantified by WB, respectively (n = 3). (e, f) Protein levels of IκBα, p65, and their
phosphorylated forms were analyzed by WB in different groups (n = 3). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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pathway is also associated with the protective effect of UTI on
NP cells remains elusive. In this present study, we also found
the decreasing expression of Nrf2 in degenerated disc tissue.
In addition, we used siRNA-Nrf2 to knock down the expres-
sion of Nrf2, and the results demonstrated that suppressed
Nrf2 aggravated the cell apoptosis, oxidative stress, and
inflammation reactions. Interestingly, the suppression of
Nrf2 also led to the activation of NF-κB pathway. Taken
together, UTI may exert antiapoptotic, anti-inflammatory,
and antioxidative function via activating the Nrf2/HO-1 axis
and suppressing the NF-κB pathway in IL-1β-treated human
NP cells.

In conclusion, this current study uncovered that UTI
could protect human NP cells against IL-1β stimulation by
inhibiting apoptosis, inflammatory response, oxidative stress,
and ECM degradation in human NP cells. In addition, the
protective effect of UTI on IL-1β-treated NP cells was
accomplished by activating the Nrf2/HO-1 signaling axis
and suppressing NF-κB signaling pathway. Therefore, UTI
may be potential therapeutic medicine to delay the progres-
sion of IDD. However, further work needs to be done, such
as in vivo experiment, before it can be known whether UTI
is efficacious as a reliable treatment for IDD.
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Supplementary Materials

The human NP cell phenotype was confirmed by identifying
the expression of type II collagen and aggrecan. Immunoflu-
orescence analysis for collagen type II and toluidine blue
staining for aggrecan were used in this present study. The
results were shown in Supplementary Figure 1. Supplemen-
tary Figure 1: culture and identification of human nucleus
pulposus (NP) cells. (a) The human NP cells of passage
1 and 4 under light microscope. Scar bar = 400 μm. (b)

Histon H3

P65

Nrf2

IL-1𝛽 (10 ng/ml)
UTI (100 U/ml) +

+
+
+

+
+

Si-Nrf2Si-CtrCtr

90 kDa

65 kDa

15 kDa

+
–

Ctr

(d)

SOD1

GAPDH

COX2

iNOS

C-caspase 3

131 kDa

74 kDa

17 kDa

18 kDa

37 kDa

IL-1𝛽 (10 ng/ml)
UTI (100 U/ml) +

+
+
+

+
++

–

Si-Nrf2Si-CtrCtr Ctr

(e)

Si
-N

rf2

Si
-C

trCt
r

Ct
r

Si
-N

rf2

Si
-C

trCt
r

Ct
r

Si
-N

rf2

Si
-C

trCt
r

Ct
r

Si
-N

rf2

Si
-C

trCt
r

Ct
r

Si
-N

rf2

Si
-C

trCt
r

Ct
r

0.0

0.5

1.0

1.5
Nrf2

Re
la

tiv
e p

ro
te

in
ex

pr
es

sio
n

0.0

0.5

1.0

1.5

Re
la

tiv
e p

ro
te

in
ex

pr
es

sio
n

0.0

1.0

1.5

2.0

Re
la

tiv
e p

ro
te

in
ex

pr
es

sio
n

0.0

0.5

1.0

1.5

Re
la

tiv
e p

ro
te

in
ex

pr
es

sio
n

0.0

0.5

1.0

1.5

Re
la

tiv
e p

ro
te

in
ex

pr
es

sio
n

p65 iNOS COX2 SOD1
ns##

###

ns

##

ns

###

ns

## ns

⁎⁎

⁎⁎
⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎

(f)

Figure 8: Effects of UTI on Nrf2/HO-1 pathway in human NP cells induced by IL-1β. (a, b) Expression at protein level of Nrf2 in nucleus and
HO-1 in cytoplasm were analyzed and quantified (n = 3). (c) The nuclear translocation of Nrf2 was visualized via immunofluorescence.
Scar bar = 200μm. (d, e) After knockdown of Nrf2, the protein amount of Nrf2 and p65 in nucleus and iNOS, COX2, c-caspase3, and
SOD1 in cytoplasm in NP cells were presented by WB (n = 3). (f) Quantification of WB results of Nrf2, p65, iNOS, COX2, c-caspase3,
and SOD1. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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Immunofluorescence analysis for collagen type II of NP
cells of passage 1 and 4. (c) Toluidine blue staining for
aggrecan of NP cells of passage 1 and 4. Scar bar = 200 μm.
(Supplementary Materials)
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Background. Inflammation plays an important role in intervertebral disc degeneration (IDD). The protein follistatin-like 1 (FSTL1)
plays a proinflammatory role in a variety of inflammatory diseases. Objectives. The purpose of this study was to investigate whether
IDD could be delayed by inhibiting FSTL-1 expression.Methods. We established a puncture-induced IDD model in wild-type and
FSTL-1+/- mice and collected intervertebral discs (IVDs) from the mice. Safranin O staining was used to detect cartilage loss of IVD
tissue, and HE staining was used to detect morphological changes of IVD tissue. We measured the expression of FSTL-1 and related
inflammatory indicators in IVD tissues by immunohistochemical staining, real-time PCR, andWestern blotting. Results. In the age-
induced model of IDD, the level of FSTL-1 increased with the exacerbation of degeneration. In the puncture-induced IDD model,
FSTL-1-knockdown mice showed a reduced degree of degeneration compared with that of wild-type mice. Further experiments
showed that FSTL-1 knockdown also significantly reduced the level of related inflammatory factors in IVD. In vitro experiments
showed that FSTL-1 knockdown significantly reduced TNF-α-induced inflammation. Specifically, the expression levels of the
inflammatory factors COX-2, iNOS, MMP-13, and ADAMTS-5 were reduced. Knockdown of FSTL-1 attenuated inflammation
by inhibiting the expression of P-Smad1/5/8, P-Erk1/2, and P-P65. Conclusion. Knockdown of FSTL-1 attenuated inflammation
by inhibiting the TNF-α response and Smad pathway activity and ultimately delayed IDD.

1. Introduction

Intervertebral disc degeneration (IDD) is the most common
cause of low back pain and lumbar disc herniation (LDH)
and has become an important public health issue, posing a
serious burden on countries, society, and families [1–3].
Inflammation and oxidative stress are thought to play impor-
tant roles in disc degeneration [4, 5]. Most previous studies
showed that IDD was a passive process: the local homeostasis
of intervertebral disc (IVD) tissues was destroyed, the biome-
chanical relationship of normal lumbar vertebrae was chan-
ged, and the number of local inflammatory cells and the

secretion and synthesis of related inflammatory factors were
altered [4, 6–11]. The significantly high expression of inflam-
matory factors is an important characteristic of the inflam-
matory microenvironment of the degenerative nucleus
pulposus. Therefore, it is critical to block the effects of
inflammatory factors in IDD, inhibit the inflammatory
response caused by these factors, and delay the degeneration
of nucleus pulposus cells to reduce the clinical symptoms of
patients.

TNF-α is a member of the tumor necrosis factor super-
family. As a powerful inflammatory cytokine, TNF-α plays
an important role in the inflammatory response to
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degenerative diseases [12–14]. Studies have shown that the
expression level of TNF-α is positively correlated with the
degree of disc degeneration [15]. TNF-α levels in IVDs are
associated with clinical symptoms of low back pain in
patients [16]. On the one hand, TNF-α can exacerbate the
inflammatory response by promoting the secretion of inflam-
matory factors such as COX-2 (cyclooxygenase-2), iNOS
(inducible nitric oxide synthase), and IL-1β (interleukin-
1β); on the other hand, TNF-α can accelerate matrix destruc-
tion by promoting the secretion of matrix-degrading
enzymes such as matrix metalloproteinase- (MMP-) 13 and
a disintegrin and metalloproteinase with thrombospondin
motifs- (ADAMTS-) 5 [17, 18]. The NF-κB and Erk signaling
pathways are key pathways that facilitates the function of
TNF-α, and their role in disc degeneration has been exten-
sively studied [12, 19, 20]. Therefore, finding a cytokine that
can specifically inhibit TNF-α to reduce the inflammatory
response is worth exploring.

The protein follistatin-like 1 (FSTL1), also known as
transforming growth factor-stimulated clone 36 (TSC-36)
or follistatin-related protein (FRP), is a soluble secreted
extracellular glycoprotein that plays an important role in
many kinds of tissue degeneration and autoimmune diseases
[21, 22]. Studies have shown that FSTL1 can alleviate the
occurrence of inflammatory pulmonary fibrosis, suggesting
that FSTL1 may be closely related to the occurrence of
inflammation [23]. Further studies have reported that
FSTL-1 regulates the secretion of inflammatory factors such
as interleukin-α, TNF-α, and ADAMTS and participates in
the immune inflammatory response in tissues in many sys-
temic autoimmune diseases, including systemic lupus erythe-
matosus, ulcerative colitis, rheumatoid arthritis, and
Sjogren’s syndrome [24, 25]. In rheumatoid arthritis and
osteoarthritis, FSTL1 exacerbates inflammation by increasing
the expression of inflammatory factors and promoting syno-
vial proliferation by activating the NF-κB signaling pathway
[25]. In many previous studies, FSTL-1 can activate P-
Smad1/5/8 by binding to the BMP4 receptor, causing an
inflammatory response and cell damage [26, 27]. Thus, we
hypothesized that FSTL-1 plays a similar role in IDD.

Herein, we specifically reduced the expression of FSTL-1
to observe the degree of disc inflammation and degeneration.
Additionally, we examined the role of FSTL-1, as well as the
involved pathways.

2. Methods

2.1. Mice. All animal studies were performed in accordance
with institutional guidelines and approved by the Laboratory
Animal Centre of Qilu Hospital of Shandong University.
Male 8- to 12-week-old FSTL-1-knockdown (FSTL-1+/-)
mice (Jackson Laboratories, USA) and 2-, 4-, and 9-month-
old C57/BL6 wild-type (WT) mice (Qilu College of Medicine,
Shandong University) were used for our experiments. All
experimental animals were genotyped before use.

2.2. Primary Cell Isolation and Culture. We selected 2-
month-old FSTL-1+/- and WT male mice to extract nucleus
pulposus cells. The entire thoracolumbar spine was

completely separated. The nucleus pulposus and annulus
fibrosus were carefully separated under the microscope.
Then, the cells were washed with sterile phosphate-buffered
saline (PBS) 3 times and digested with 0.25% trypsin (Sigma,
St. Louis, USA) for 30 minutes and 0.2% type II collagenase
(Sigma, St. Louis, USA) for 4 hours. The nucleus pulposus
cells were cultured in DMEM/F12 (HyClone, Logan, USA)
supplemented with 10% foetal bovine serum (FBS; Gibco,
USA), 100U/ml penicillin, and 0.1mg/ml streptomycin
(HyClone, USA) and incubated in standard conditions
(37°C, 5% CO2) for experiments. The culture medium was
replaced every 3 days. When the nucleus pulposus cells were
almost 80% confluent, the cells were subcultured at a ratio of
1 : 3. Cells up to five generations old were used in all in vitro
experiments. And all experiments were performed with two
repeating holes.

2.3. Cell Treatments. To examine the effect of FSTL-1 on IVD
inflammation, mouse nucleus pulposus cells were divided
into the WT group and the FSTL-1+/- group. And the two
groups were stimulated with TNF-α (10 ng/ml) [6, 20]. The
cells were harvested for real-time PCR (RT-PCR) after stim-
ulation for 8 hours and harvested for Western blot analysis
after stimulation for 48 hours [20]. Protein samples were
stored at -20°, and RNA samples were stored at -80° and ana-
lyzed within 1 week.

2.4. Mouse Model of Puncture-Induced Disc Degeneration.
Eight- to twelve-week-old FSTL-1+/- and C57/BL6 WT mice
were used in this study. The 15 mice were divided into three
groups (FSTL-1+/- group, WT group, and the control
group). The mice were anesthetized with pentobarbital. X-
ray (Siemens, Germany) radiography was used to locate the
L5 and L6 discs which to be punctured. A 0.5 cm incision
was made at the site of the puncture disc. After disinfection,
the discs needed to be exposed were exposed posterolateral
under a microscope. The disc was inserted about 0.5mm
with a 29G needle and moved out after 2 seconds [20, 28].
Puncture was performed in the FSTL-1+/- group and WT
group. The control group only exposed the intervertebral
disc. All the mice were housed under normal conditions.
The mice were fed in a cage and rubbed with iodine every
day. Biting incisions were avoided.

2.5. Immunohistochemistry (IHC). At 1 week after puncture,
mouse disc tissues at the site of the previous puncture (L5
and L6) were harvested and fixed with 4% paraformaldehyde
for 48 hours and then decalcified with 10% ethylenediamine-
tetraacetic acid (EDTA) for 14 days. The IVDs were then
made into 5μm paraffin sections. The sections were treated
with 0.125% trypsin (ZSGB-Bio, Beijing, China) for 30
minutes at 37°C for antigen repair, 3% hydrogen peroxide
for 20 minutes at room temperature to eliminate endogenous
peroxidase activity, and 20% goat serum (ZSGB-Bio, Beijing,
China) for 20 minutes to block the nonspecific protein bind-
ing sites. Then, the sections were incubated with goat anti-
FSTL-1 (1 : 200, Abcam, USA), rabbit anti-COX-2 (1 : 200,
Abcam, USA), rabbit anti-ADAMTS-5 (1 : 200, Abcam,
USA), and rabbit anti-MMP-13 (1 : 200, Abcam, USA) at
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4°C overnight. The next day, the sections were incubated with
mouse anti-goat immunoglobulin- (IgG-) horseradish perox-
idase (HRP) (1 : 200, Jackson ImmunoResearch, USA) or goat
anti-rabbit IgG-HRP secondary antibody (1 : 200, Jackson
ImmunoResearch, USA) at 37°C for 1 hour. The results were
observed with an IX71-SIF microscope (Olympus, Tokyo,
Japan). Brown particles were considered positive, and the rel-
ative area of brown particles was used for the Image-Pro Plus
6.0 software (Media Cybernetics, Inc., USA) analysis.

Safranin O/Fast Green staining was performed with a
modified Safranin O/Fast Green FCF cartilage stain kit
(Solarbio, Beijing, China) according to the manufacturer’s
instructions.

2.6. Immunofluorescence Staining. After treatment with
10 ng/ml TNF-α for 48 h, nucleus pulposus cells were fixed
with 4% formaldehyde for 15 minutes, permeabilized in
0.2% Triton-X 100 for 15 minutes, and blocked in 1% BSA
for 30 minutes. Then, the cells were incubated with rabbit
anti-ADAMTS-5 (1 : 400, Abcam, USA) and rabbit anti-
COX-2 (1 : 400, Abcam, USA) primary antibodies overnight.
The next day, the cells were incubated with fluorescently
labelled goat anti IgG (1 : 200, ZSGB-BIO, China) for 1 hour.
The results were observed by a microscope (Olympus IX51,
Japan). Green fluorescence is considered positive. The
Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
USA) was used for quantitative analysis of pictures.

2.7. Total Protein Extraction and Western Blotting. The
nucleus pulposus tissue harvested from mice and nucleus
pulposus cells were washed with sterile PBS 3 times and
placed in RIPA lysis buffer (Millipore, Billerica, MA, USA)
supplemented with 5% PMSF (a protease inhibitor) on ice
for 40 minutes. After centrifugation at 12,000 rpm for 15
minutes at 4°C, the supernatant was retained. A BCA protein
assay kit (Biotechnology Co, Beijing, China) was used to
measure the protein concentration according to the manu-
facturer’s instructions. Equal amounts of proteins were
resolved on 10% SDS-polyacrylamide gels and transferred
to a polyvinylidene difluoride (PVDF) membrane (Millipore,
USA). After being blocked in Tris-buffered saline with
Tween-20 (TBST) with 5% milk powder, the blots were incu-
bated with goat anti-FSTL-1 (1 : 1,000, Abcam, USA), rabbit
anti-COX-2 (1 : 1,000, Abcam, USA), rabbit anti-ADAMTS-
5 (1 : 1,000, Abcam, USA), rabbit anti-MMP-13 (1 : 1,000,
Abcam, USA), rabbit anti-iNOS (1 : 1,000, Abcam, USA),
rabbit anti-P-smad2/3(1 : 1,000, CST, USA), rabbit anti-P-

smad1/5/8 (1 : 1,000, CST, USA), rabbit anti-P-
Erk1/2(1 : 1,000, CST, USA), rabbit anti-P-P65(1 : 1,000,
CST, USA), and rabbit anti-GAPDH-HRP (1 : 5,000, Protein-
Tech, USA) primary antibodies overnight at 4°C. GAPDH
was used to ensure equal protein loading. After being incu-
bated with goat anti-rabbit IgG-HRP (1 : 3000, Jackson
ImmunoResearch, USA) or mouse anti-goat IgG-HRP sec-
ondary antibody (1 : 3000, Jackson ImmunoResearch, USA)
for 1 hour at room temperature, the blots were visualized
using a chemiluminescence system (Amersham Imager 600,
GE Amersham USA), and grey value analysis was used with
the ImageJ software (National Institutes of Health, USA).

2.8. RNA Extraction and Real-Time PCR.Mouse nucleus pul-
posus tissues (2-3mg) and nucleus pulposus cells were
treated with TNF-α and lysed with TRIzol reagent (Takara
Bio, Japan). A total of 1μg of RNA was used for reverse tran-
scription by a cDNA synthesis kit (GeneCopoeia, Inc., USA).
RT-PCR was performed in 10μl of SYBR Green PCR matrix
mix (Toyobo, Japan) on a thermal cycler (Bio-Rad, Hercules,
USA). Cycle parameters were as follows: 95°C for 1min, 40
cycles (95°C for 15 s, 60°C for 15 s, and 72°C for 45 s), and
72°C for 5min. The RT-PCR results were calculated using
the 2-ΔΔCt method. The primers (FSTL-1, COX-2, MMP-13,
ADAMTS-5, β-actin, and iNOS) were designed based on
published sequences of these genes and listed in Table 1
[29, 30].

2.9. Statistical Analyses. GraphPad Prism 7 (GraphPad Soft-
ware Inc., San Diego, CA, USA) and Statistical Package for
Social Sciences version 25.0 were used for statistical analyses,
including one-way analysis of variance (ANOVA) and t
-tests. The data are expressed as the mean value ± standard
deviation (SD), and P < 0:05 was considered significant.

3. Results

3.1. FSTL-1 Was Expressed in the Nucleus Pulposus of Mice
and Was Increased with Age. To verify the role of FSTL-1
in mouse IVDs, we measured the expression of FSTL-1 in
the IVDs of mice during ageing. The IHC results demon-
strated that the level of FSTL-1 in IVDs was elevated in the
9-month-old group compared with the 4-month-old group
(Figure 1(a)). The positive expression area and intensity of
FSTL-1 in the 9-month-old group were significantly higher
than those in the 4-month-old group (Figure 1(b)). We
extracted the IVD tissue from mice in the two groups and

Table 1: Real-time PCR primers.

Target Forward primers, 5′-3′ Reverse primers, 5′-3′
FSTL-1 TTATGATGGGCACrGCAAAGAA ACTGCCTTTAGAGAACCAGCC

ADAMTS-5 GCATTGACGCATCCAAACCC CGTGGTAGGTCCAGCAAACAGTTAC

iNOS ACAGGAGGGGTTAAAGCTGC TTGTCTCCAAGGGACCAGG

β-Actin CCTCATGAAGATCCTGACCG ACCGCTCATTGCCGATAGTG

MMP-13 ACTTTGTTGCCAATTCCAGG TTTGAGAACACGGGGAAGAC

COX2 TCCCTTGGGTGTCAAAGGTAAA TGGCCCTCGCTTATGATCTG
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performed Western blot analysis. As shown in Figures 1(c)
and 1(d), the Western blot results showed that the protein
expression of FSTL-1 in the 9-month-old group was higher
than that in the 4-month-old group. The RT-PCR results also
indicated that the transcription level of FSTL-1 in the 9-
month group was higher than that in the 4-month group.
These results indicated that the expression of FSTL-1
increased with age in the mouse IVD. FSTL-1 is involved in
IDD in mice.

3.2. FSTL-1-Knockdown Mice Exhibited Reduced Cartilage
Degeneration and Disc Degeneration. To determine the role
of endogenous FSTL-1 in IDD, we used 8- to 12-week-old
FSTL-1+/- and C57/BL6 WT mice to establish a model of

IDD by acupuncture. After 7 days, we harvested the IVD tis-
sue and prepared paraffin sections. The Safranin O staining
results showed that IVD inflammation caused cartilage loss,
but knockdown of FSTL-1 alleviated the loss of cartilage
(Figures 2(a) and 2(b)). As shown in Figure 2(c), HE staining
showed that inflammation accelerated the loss of disc height
and caused the annulus to be disorganized in the IVD, and
knockdown of FSTL-1 alleviated this structural degeneration.
These results suggest that a reduction in FSTL-1 may allevi-
ate disc degeneration.

3.3. FSTL-1-Knockdown Mice Had Reduced Levels of
Inflammatory Cytokines in the IVDs. Inflammation is
thought to play an important role in IDD. FSTL-1 plays a
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Figure 1: FSTL-1 was expressed in the nucleus pulposus of mice and was increased with age. (a) The expression of FSTL-1 in mouse disc
tissues was determined by immunohistochemical staining. (b) Quantitative analysis of the FSTL-1-positive area in disc tissues of 4-month-
old and 9-month-old mice by immunohistochemical staining. (c) Western blot analysis of the expression of FSTL-1 in mouse disc tissues.
The transcript level of PGRN was measured by RT-PCR. (d) Western blot grey value analysis of FSTL-1 in the disc tissues of 4-month-old
and 9-month-old mice. (e) The RNA level of FSTL-1 in 4-month-old and 9-month-old mice was assayed by RT-PCR. Magnification ×200,
×400. Scale bar = 200μm, 100μm. The values are the mean ± SD of at least 3 independent experiments; ∗∗P < 0:01, ∗∗∗ P < 0:001.
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proinflammatory role in a variety of inflammatory diseases.
Therefore, we first hypothesized that FSTL-1 knockdown
probably reduced inflammatory cytokines, alleviating IDD.
Therefore, we established a mouse model of puncture-
induced disc degeneration and analysed IVD tissues from
FSTL-1+/- and C57/BL6 WT mice after 7 days. Immunohis-
tochemical staining showed that COX2, MMP-13, and
ADAMTS-5 were expressed in the IVD during IDD, while
the expression of these inflammatory factors was decreased
after FSTL-1 was knocked down (Figures 3(a) and 3(b)).
We further extracted the total proteins in the IVD tissue
and performed Western blotting. As shown in Figures 4(a)–
4(e), compared with that of the WT group, the expression
of inflammatory cytokines (iNOS, COX-2, MMP-13, and
ADAMTS-5) in the FSTL-1+/- group was decreased, and
the difference was statistically significant. The RT-PCR
results also showed that knockdown of FSTL-1 reduced the
transcription level of inflammatory factors (iNOS, COX-2,
MMP-13, and ADAMTS-5) in the IVD. These results suggest
that knockdown of FSTL-1 can reduce the inflammatory
response and delay disc degeneration.

3.4. Knockdown of FSTL-1 Reduced TNF-α-Induced
Inflammatory Cytokines In Vitro. To further examine the role
of FSTL-1, we extracted nucleus pulposus cells from FSTL-1
+/- and C57/BL6 WT mice for in vitro experiments. Total
protein was extracted after 48 hours of stimulation with
10 ng/ml TNF-α, and Western blotting was performed to
measure the expression of COX-2, MMP-13, ADAMTS-5,
and iNOS. As shown in Figures 5(a)–5(e), knockdown of
FSTL-1 reduced TNF-α-induced inflammatory cytokines
(COX-2, MMP-13, ADAMTS-5 and iNOS). Then, we
extracted the total RNA and performed RT-PCR to verify

the transcription levels of these inflammatory cytokines after
6 hours of stimulation with TNF-α. As shown in Figures 5(f
)–5(i), compared with those of the WT group, the transcrip-
tion levels of COX-2, MMP-13, ADAMTS-5, and iNOS were
significantly decreased in the FSTL-1+/- group. After 48
hours of TNF-α stimulation, immunofluorescence staining
of COX-2 and ADAMTS-5 was performed. As shown in
Figures 5(j)–5(m), the expression of COX-2 and ADAMTS-
5 was markedly downregulated in the FSTL-1+/- group. In
summary, knockdown of FSTL-1 can reduce TNF-α-induced
downstream inflammatory molecules, thereby reducing the
degree of the inflammatory response.

3.5. Knockdown of FSTL-1 Reduced the TNF-α-Mediated
Inflammatory Response by Inhibiting the Expression of P-
Smad1/5/8, P-P65, and P-Erk1/2. To further investigate the
mechanism by which FSTL-1 knockdown inhibited the
inflammatory response, TNF-α was used to generate an
inflammatory environment in vitro, and the phosphorylation
levels of corresponding pathway proteins were measured.
Our results showed that the expression levels of P-
Smad1/5/8, P-P65, and P-Erk1/2 could be reduced by knock-
down of FSTL-1 (Figures 6(b)–6(d)). There was no signifi-
cant change in P-Smad2/3 (Figure 6(a)).

4. Discussion

FSTL1, also known as FRP, is a secreted glycoprotein that is
involved in various pathological and physiological processes,
such as immune regulation, growth factors, cell proliferation,
and differentiation, as well as the development of the central
nervous system, orthopedic system, and respiratory system
[22, 23, 31–40]. In the context of the inflammatory response,
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Figure 2: FSTL-1-knockdown mice expressed a lower level of cartilage degeneration and suppressed disc degeneration. (a) Safranin O
staining of IVD tissues in the different groups. CON: normal discs. WT: degenerative discs of WT mice. FSTL-1+/-: degenerative discs of
FSTL-1-knockdown mice. Magnification ×200. Scale bar = 200 μm. (b) Quantitative analysis of the cartilage area based on Safranin O
staining. (c) Representative image of HE staining of IVDs in the different groups. Magnification ×200. Scale bar = 200μm. ∗∗∗ P < 0:001.
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FSTL-1 has been reported to play both anti-inflammatory
and proinflammatory roles [26]. In an ischemia/reperfu-
sion-induced myocardial injury model, systemic or intracor-
onary injection of FSTL1 reduced the expression of
inflammatory cytokines such as TNF-α and IL-6, thereby
improving cardiac hypertrophy and dysfunction [27]. In a
mouse arthritis model, FSTL-1 significantly reduced the
expression of IL-6 and MMP-13, thereby reducing joint
destruction and synovial inflammation [41, 42].

In contrast to the few reported anti-inflammatory effects
of FSTL-1, a large number of studies have shown that FSTL-1
promotes inflammation by stimulating the release of inflam-
matory factors [43, 44]. Cluterr et al. showed that the upreg-
ulation of FSTL-1 resulted in significant paw swelling and
upregulation of the IFN receptor, which could be neutralized
by downregulating FSTL-1 [45]. In addition, Miyamae et al.
transfected FSTL-1 into fibroblasts and macrophages and
showed that FSTL-1 promoted the production of inflamma-
tory cytokines, including IL-1β, TNF-α, and IL-6 [46].
Another study showed that when synoviocytes from the
synovial tissues of patients with osteoarthritis were exposed

to recombinant FSTL-1 protein, the levels of some inflamma-
tory factors, such as TNF-α, IL-6, and IL-1β, were signifi-
cantly increased, and the activation of the NF-κB signaling
pathway was also significantly upregulated [25]. FSTL-1 has
also been reported to promote the transcription of NLRP3
and procaspase-1 and promote the secretion of IL-1β by
macrophages [47]. It has been shown that oxidized low-
density lipoprotein (oxLDL) increased the production and
secretion of the inflammatory cytokines TLR4, IL-6, IL-8,
and ICAM-1 in a model of endothelial cell injury induced
by oxLDL, while the levels of these molecules completely
decreased when FSTL-1 was depleted [48]. In conclusion,
FSTL-1 can upregulate the expression of proinflammatory
factors and promote the inflammatory response.

In summary, FSTL-1 plays a role in promoting the
inflammatory response in a variety of inflammatory diseases.
The upregulation of FSTL-1 at the gene or protein level can
promote the release of inflammatory factors such as IL-1β,
TNF-α, COX-2, MMP-13, and IL-6. Inflammation is consid-
ered an important cause of disc degeneration. Inflammatory
factors can cause inflammatory responses and accelerate disc
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Figure 3: FSTL-1-knockdown mice had reduced levels of inflammatory cytokines in the IVDs. (a) Immunohistochemical staining of COX-2,
MMP-13, and ADAMTS-5 in the degenerative discs of WT and FSTL-1+/- mice. Magnification ×200, ×400. Scale bar = 200 μm, 100μm.
(b–d) Quantitative analysis of the positive areas of COX-2, MMP-13, and ADAMTS-5 in WT and FSTL-1+/- mice by immunohistochemical
staining. The values are the mean ± SD of at least 3 independent experiments; ∗P < 0:05, ∗∗P < 0:01, ∗∗∗ P < 0:001.
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destruction by inducing nucleus pulposus cell apoptosis and
matrix degradation [20, 30]. Therefore, we hypothesized that
FSTL-1 plays an important role in disc inflammation. We
observed increased levels of FSTL-1 in degenerated IVDs in
humans and rats. In vitro, recombinant FSTL-1 increased
inflammatory factor levels through the Erk1/2, JNK, and
NF-κB pathways [16]. Although FSTL-1 can promote
inflammation, our original aim was to suppress inflamma-
tion and delay disc degeneration. To further investigate
whether FSTL-1 can be a target for the treatment of IDD,
we will suppress FSTL-1 and observe the degree of disc
degeneration.

Previous studies have shown that ageing is an important
factor in disc degeneration [30, 49]. In this study, we used
longitudinal analysis to evaluate the changes in FSTL-1 in
the IVD. We extracted the disc tissues of sex-matched mice
of different ages and measured the expression of FSTL-1.
The level of FSTL-1 in the disc tissue of 9-month-old mice
was significantly higher than that of 4-month-old mice. This
finding also indicates an increased level of FSTL-1 in the
degenerated discs.

FSTL-1 gene-knockout (KO) mouse pups die of respira-
tory failure soon after birth [50]. Therefore, in this study,
we used FSTL-1+/- mice. We constructed a model of
puncture-induced disc degeneration, which resulted in
inflammatory degeneration of IVDs. We observed that when
we inhibited the expression of FSTL-1, the morphology of the
mouse disc was repaired, and cartilage degeneration was alle-
viated. This finding suggests that FSTL-1 knockdown can
protect chondrocytes and cartilage matrix. Cartilage oligo-
meric matrix protein (COMP) and type-2 collagen degrada-
tion of matrix proteins is an important change in IDD [17,
51–55]. MMP-13 and ADAMTS-5 have been reported to be
involved in the degradation of disc matrix, exacerbating disc
degeneration [20, 56, 57]. In our study, after the expression of
FSTL-1 was knocked down, the expression levels of both
MMP-13 and ADAMTS-5 were decreased. On the other
hand, inflammatory factors such as COX-2, iNOS, and
TNF-α can stimulate the inflammatory response, thus exac-
erbating the local inflammatory microenvironment, causing
metabolic dysfunction of local cells, and ultimately exacer-
bating the degeneration of IVDs. We observed that FSTL-1
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Figure 4: FSTL-1-knockdownmice had reduced levels of inflammatory cytokines in the IVDs. (a) The protein levels of iNOS, COX-2, MMP-
13, and ADAMTS-5 in the disc tissues after puncture in WT and FSTL-1+/- mice. (b–e) Relative density of iNOS, COX-2, MMP-13, and
ADAMTS-5 by Western blotting. (f–i) mRNA levels of iNOS, COX-2, MMP-13, and ADAMTS-5 in disc tissues after puncture in WT and
FSTL-1+/- mice. The values are the mean ± SD of at least 3 independent experiments; ∗P < 0:05, ∗∗P < 0:01, ∗∗∗ P < 0:001.
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Figure 5: Continued.
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knockdown could effectively reduce the expression of these
inflammatory factors. In summary, knockdown of FSTL-1
can delay disc degeneration by inhibiting both the degrada-
tion of the disc matrix and the expression of inflammatory
factors.

TNF-α, a potent inflammatory cytokine, is highly associ-
ated with the development and degeneration of IVDs [15].
On the one hand, TNF-α can exacerbate the structural
destruction of IVD tissue and increase the inflammatory
bone absorption of adjacent vertebral bodies by inducing
the expression of inflammatory factors [58]. On the other
hand, TNF-α can upregulate IVDmatrix-degrading enzymes
such as ADAMTS-5 andMMP-13 through the NF-κB signal-
ing pathway, affecting the metabolic homeostasis of IVD cells
and resulting in protein denaturation and necrosis [17, 56].
Therefore, how to effectively inhibit the effect of TNF-α in
IDD is still a hot research area. In vitro, TNF-α was used to
stimulate nucleus pulposus cells from two different sources,
WT mice and FSTL-1+/- mice. Our results showed that
FSTL-1 knockdown reduced the protein and transcript levels

of major inflammatory factors, such as COX-2, iNOS, MMP-
13, and ADAMTS-5, induced by TNF-α stimulation. In sum-
mary, knockdown of FSTL-1 can suppresses the TNF-α-
mediated inflammatory response, reduce the release of
inflammatory factors, and reduce the production of matrix
metalloproteinases, thereby delaying the degeneration of
IVDs.

Oxidative stress is also an important cause in disc
degeneration [59]. In the process of oxidative stress, the
mitochondria will produce excessive ROS, which can
directly damage nucleus pulposus cells, interfere with the
synthesis of cell matrix, and increase the expression of
MMP [60]. TNF-α can promotes oxidative stress in a vari-
ety of disease processes [61, 62]. In intervertebral discs,
TNF-α can induce oxidative stress in human NP cells, spe-
cifically by promoting mitochondrial swelling, lowering
membrane potential, and increasing ROS levels [6]. There-
fore, knockdown of FSTL-1 may not only reduce the
inflammatory effect of TNF-α but also inhibit the effect
of TNF-α on oxidative stress.
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Figure 5: Knockdown of FSTL-1 reduced TNF-α-induced inflammatory cytokines in vitro. (a–e) Western blot and grey value analysis of
iNOS, COX-2, MMP-13, and ADAMTS-5 in nucleus pulposus cells from WT and FSTL-1+/- mice after stimulation with 10 ng/ml TNF-α.
(f–i) The mRNA levels of iNOS, COX-2, MMP-13, and ADAMTS-5 in nucleus pulposus cells from WT and FSTL-1+/- mice after
stimulation with 10 ng/ml TNF-α were determined by RT-PCR. (j, l) The expression of COX-2 and ADAMTS-5 in nucleus pulposus cells
after stimulation with 10 ng/ml TNF-α was detected by immunofluorescence analysis. Scale bar = 50μm. (k, m) Analysis of the mean
fluorescence intensity of COX-2 and ADAMTS-5 according to the immunofluorescence results. The values are the mean ± SD of at least 3
independent experiments; ∗∗P < 0:01, ∗∗∗ P < 0:001.
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Figure 6: Knockdown of FSTL-1 can reduce the TNF-α-mediated inflammatory response by inhibiting the expression of P-Smad1/5/8, P-
P65, and P-Erk1/2. (a–d) Western blot analysis of P-Smad2/3, P-Smad1/5/8, P-P65, and P-Erk1/2 in nucleus pulposus cells at different
time points after stimulation with 10 ng/ml TNF-α in WT and FSTL-1+/- mice.
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In osteoarthritis and disc degeneration, TNF-α can acti-
vate the NF-κB and Erk pathways by binding specifically to
TNF receptors, resulting in inflammatory changes and carti-
lage degeneration [30, 63]. In previous studies, FSTL-1 was
reported to promote inflammatory responses through the
NF-κB and Erk pathways by specifically binding to TLR4
[16, 22, 25, 48]. After knockdown of FSTL-1, we found that
the common pathway of FSTL-1 and TNF-α was also inhib-
ited.We hypothesized that the NF-κB and Erk pathways were
also inhibited when FSTL-1 was knocked down, weakening
the inflammatory effect of TNF-α. This may explain why
knockdown of FSTL-1 attenuated the TNF-α-mediated
inflammatory response. In addition, FSTL-1 can activate P-
Smad1/5/8 by binding to the BMP4 receptor, causing an
inflammatory response and cell damage [26, 27, 64]. There-
fore, in our study, we measured the expression levels of two
key P-Smad proteins. Consistent with previous reports, the
expression level of P-Smad1/5/8 decreased after FSTL-1 was
knocked down, while the expression level of P-Smad2/3 did
not change significantly. This finding indicated that P-
Smad1/5/8 was involved in the inflammatory response medi-
ated by FSTL-1. In summary, knockdown of FSTL-1 sup-
pressed the effect of TNF-α by inhibiting the activity of the
NF-κB and Erk pathways; on the other hand, knockdown
of FSTL-1 attenuated the proinflammatory effect by inhibit-
ing the activity of P-Smad1/5/8(Figure 7).

5. Conclusion

Knockdown of FSTL-1 can reduce inflammation in the IVD
by reducing TNF-α-mediated inflammation and Smad sig-
naling pathway, protecting cartilage, and thus delaying

degeneration of the IVD in mice. FSTL-1 could be a potential
target for the treatment of IDD.
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Inflammation plays a key role in intervertebral disc degeneration (IDD). The association between inflammation and endoplasmic
reticulum (ER) stress has been observed in many diseases. However, whether ER stress plays an important role in IDD remains
unclear. Therefore, this study is aimed at investigating the expression of ER stress in IDD and at exploring the underlying
mechanisms of IDD, ER stress, and inflammation. The expression of ER stress was activated in nucleus pulposus cells from
patients who had IDD (D-NPCs) compared with patients without IDD (N-NPCs); and both the proliferation and synthesis
capacity were decreased by inducer tunicamycin (Tm) and proinflammatory cytokines. Pretreatment of NPCs with 4-phenyl
butyric acid (4-PBA) prevented the inflammatory cytokine-induced upregulation of unfolded protein response- (UPR-) related
proteins and recovered cell synthetic ability. Furthermore, proinflammatory cytokine treatment significantly upregulated the
expression of inositol-requiring protein 1 (IRE1-α) and protein kinase RNA-like ER kinase (PERK), but not activating
transcription factor 6 (ATF6). Finally, knockdown of IRE1-α and PERK also restored the biological activity of NPCs. Our
findings identified that IRE1-α and PERK might be the potential targets for IDD treatment, which may help illustrate the
underlying mechanism of ER stress in IDD.

1. Introduction

Low back pain (LBP) is a common disease, which may result
in patients’ disability and cause great economic burden to
society [1]. Intervertebral disc degeneration (IDD) has been
verified as a key factor for LBP [2]. Intervertebral disc
(IVD) maintains homeostasis in physiological condition
and degeneration can be triggered by several risk factors,
such as abnormal mechanical stress, nutrient deficient, and
aberrant inflammatory condition [3].

More importantly, inflammation is also considered an
important contribution to IDD [4]. Inflammatory cytokines
are significantly associated with the progression of IDD [5–7].
Furthermore, nucleus pulposus cells (NPCs) play an important
role in maintaining nucleus pulposus (NP) tissue homeostasis,
thereby facilitating the maintenance of spine biomechanics [8].

Therefore, the inflammatory microenvironment of IDD may
have influence on the biological behaviors of NPCs.

The endoplasmic reticulum (ER) is responsible for
folding and maturation of secreted and membrane proteins.
Accumulation misfolded or unfolded proteins can compro-
mise ER stress [9]. Restoring the normal function of ER can
be achieved by the unfolded protein response (UPR), which
involves three pathways—protein kinase RNA-like ER kinase
(PERK), inositol-requiring protein 1 (IRE1-α), and activating
transcription factor 6 (ATF6) [10]. Our previous studies
demonstrated that chronic inflammation could lead to
impairment of ER function, prolongation of ER stress, and
defective osteogenic differentiation of PDLSCs [11]. How-
ever, there are rare studies reporting the role of ER stress
and UPR in biological activity of human NPCs under inflam-
matory conditions in IDD.
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In this study, we used two prominent proinflammatory
cytokines (IL-1β and TNF-α) involved in IDD, aiming to
mimic the inflammatory microenvironment. We isolated
human nondegenerated NPCs (N-NPCs) and degenerated
NPCs (D-NPCs) and observed the ER stress responses from
both morphology and molecular biology level. We also tested
the effects of IL-1β and TNF-α treatment on ER stress
responses as well as biological activity potential.

2. Materials and Methods

2.1. Specimen Selection. Human NP tissues were obtained
from 9 patients who underwent posterior discectomy for
lumbar degenerative disease or other lumbar diseases (spine
fracture, scoliosis, etc.). The details of all samples and
patients are shown in Table 1. The NP tissues were sterilely
stored in PBS solution. All surgical treatments were per-
formed at the sixth medical center of PLA General Hospital
(Navy General Hospital) from January 2016 to June 2017.

MRI was performed in all patients before surgery, and the
degree of disc degeneration was assessed according to Pfirr-
mann’s grading system based on T2-weighted MRI images
[12]. Degenerated NPCs (D-NPCs) were isolated from the
intervertebral disc classified as grade IV-V, while nondegen-
erated NPCs (N-NPCs) were isolated from the intervertebral
disc classified as grade I-II.

The present study was approved by the medical ethics
committee of PLA General Hospital (Navy General Hospi-
tal). Specific informed consent was obtained in all cases.

2.2. Cell Isolation and Culture. NP cells were isolated as
described by Chelberg et al. [13]. Briefly, NP tissues were
digested with 0.1% type II collagenase (Sigma-Aldrich, USA)
in a serum-free medium overnight at 37°C with 5% CO2.
The cells were cultured in a culture medium composed of
DMEM/F12 (HyClone, USA) and 10% FBS for 7-10 days until
confluent. To preserve the NPCs phenotype, primary cells
were used when comparing expression levels in N-NPCs and
D-NPCs, and the 1st and 2nd passages for other experiments.

ER stress response was triggered by 500ng/ml tunicamy-
cin (Tm) in DMEM containing 10% FBS for 12 hours. Our
previous study showed that tunicamycin is more effective
than thapsigargin (Peng Xue et al., Cell Death and Differen-
tiation. 2016); thus, we chose TM as an ERs inducer. We

tested the basal activation of the ER stress response by detec-
tion the main sensors (GRP78, CHOP, IRE-1α, PERK, and
ATF6) on mRNA and protein levels.

A concentration of 5 ng/ml TNF-α and 1ng/ml IL-1β
was determined to efficiently simulate inflammatory micro-
environment, and N-NPCs were treated with IL-1β and
TNF-α in DMEM containing 10% FBS for 12 hrs. In
another group, N-NPCs were pretreated by inhibitor 4-PBA
(5mmol/l) for 24 hrs, then treated with IL-1β and TNF-α
as above. All Tm, 4-PBA, IL-1β, and TNF-α were purchased
from Sigma-Aldrich, USA.

2.3. Transfection with Small Interfering RNA (siRNA). To
inhibit target genes expression, cells were transfected with
PERK, IRE1, and ATF6 siRNA (Cell Signaling Technology,
USA) conjugated with Lipofectamine 3000 (Invitrogen,
USA) for 6 hrs. The cells were incubated at 37°C in an incu-
bator for 24-48 h before further assay.

2.4. Transmission Electron Microscope (TEM). After fixing in
4% glutaraldehyde and 4% paraformaldehyde (Sigma, both
fix at Transives were diluted in phosphate buffered saline,
pH7.2) for one night, the NP tissue was postfixed in 2%
osmium tetroxide and block-stained with 2% uranyl acetate,
then dehydrated in a graded ethanol series, and embedded in
situ in a LX-812 resin (Ladd Research Industries Inc., USA).
Ultrathin sections were observed by a FEI Tecnai G12 Spirit
BioTwin transmission electron microscope (FEI Company,
USA) with an accelerating voltage of 100 kV. The digital
images were captured by a CCD camera (Olympus-SIS,
Germany).

2.5. Immunohistochemical (IHC) Analysis. The fragment of
NP tissue was fixed in paraformaldehyde (4%), and paraffin
sections (4μm thick) were prepared. IHC was performed
using the Histostain Plus kit (Origin Technologies, China)
with the anti-PERK, IRE1-α, and ATF6 antibody (Abcam,
1 : 500) at 4°C overnight. The sections were treated with
1% hyaluronidase for 60min at 37°C (IRE1-α only),
0.25 units/ml protease-free chondroitinase ABC in 0.1mol/l
Tris acetate, 0.3% Triton for 30min, and 3% H2O2 for
15min at room temperature. The primary antibodies were
diluted in goat serum and incubated overnight at 4°C. The
primary antibodies were all rabbit anti-human against

Table 1: Details of samples and patients.

Case no. Diagnosis Disc level Pfirrmann’s grade Gender Age

1 Disc herniation L4-5 II M 33

2 Disc herniation L4-5 IV M 52

3 Disc herniation L4-5 V F 34

4 Disc herniation L4-5, L5-S1 V M 22

5 Vertebral fracture L3-4 II F 43

6 Disc herniation L4-5 IV M 17

7 Lumbar stenosis L3-4 IV M 50

8 Disc herniation L4-5 II M 28

9 Scoliosis L1-2 I F 21
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IRE1-α (monoclonal IgG 1/50; Cell Signaling Technology),
PERK (monoclonal IgG 1/100; Cell Signaling Technology),
and ATF6 (polyclonal IgG 1/100; Abcam). Detection was
conducted using a DAB Horseradish Peroxidase Color
Development kit (Origin Technologies, China).

2.6. Cell Proliferation. Cell proliferation of the 1st passage
(P1) of N-NPCs, cells treated by TM, or inflammatory cyto-
kines were evaluated using CCK-8 (Dojindo Laboratories,
Japan). Briefly, 10μl of CCK-8 solution was added to each
well of a 96-well plate containing 5000 cells. After incubating
the plate at 37°C for 4hrs, absorbance at 450nmwas measured
using a microplate absorbance reader (Bio-Rad, USA). Cell
proliferation was tested on days 1 to 7.

2.7. Quantification of mRNA and RT-PCR. The total RNA of
every sample was extracted using the RNeasy mini kit (Qia-
gen GmbH, Germany) and converted to cDNA using Prime
Script RT Master Mix (Takara Bio, Japan). RT-PCR was per-
formed on real-time PCR (ABI PRISM 7000, USA), using the
SYBR GreenMaster Mix reagent (Applied Biosystems, USA).
The specific primers used for ER stress genes are shown in
Table 2. GAPDH expression was used to normalize the
expression of all genes. The relative expression levels of each
gene were determined using the 2-ΔΔCt method.

2.8. Western Blotting. Total protein of every sample was
extracted using the radioimmunoprecipitation assay lysis
buffer (Beyotime Institute of Biotechnology, China). Each
sample was subjected to SDS-PAGE on a 10% gel and trans-
ferred to PVDF membranes. The membranes were blocked
with 5% nonfat dry milk for 1 h at room temperature and
then incubated with anti-β-actin (1/2000; Abcam), anti-
grp78 (1/1000; Abcam), anti-PERK (1/1000; Cell Signaling
Technology), anti-ATF6 (1 : 1000), anti-IRE1-α (1/1000; Cell
Signaling Technology), anti-CHOP (1/1000; Abcam), anti-
ColII (1/1000; Abcam), anti-Agg (1/1000; Abcam), and
anti-Sox9 (1/1000; Abcam), at 4°C overnight. Then the mem-
branes were incubated with the appropriate HRP-conjugated
secondary antibody (1/2000) for 1 hr at room temperature,
and signals were visualized using an enhanced chemilumi-
nescence kit. Bands were detected and assessed through den-
sitometric analysis.

2.9. Statistical Analysis. All quantitative data were presented
as means ± standard deviation. The histological and western
blot data are described qualitatively and shown as images.
The values between the two groups were calculated by inde-
pendent two-tailed unpaired Student’s t-test, and the values
between multiple comparisons were assessed with analysis
of variance (ANOVA) with the Bonferroni correction. All
statistical analyses were performed using Graph Pad Prism
5.0 (GraphPad Software, USA), and P-values less than 0.05
were considered statistically significant.

3. Results

3.1. Activation of ER Stress and UPR Target Genes in D-NPCs
Isolated from Degenerative Microenvironment. We isolated
D-NPCs and N-NPCs. To investigate whether ER stress

was induced in D-NPCs, we used TEM analysis to observe
the endoplasmic reticulum. Our results showed that more
dilated and abundant ER were observed in D-NPCs
(Figure 1(a)). Next, validation by RT-PCR was performed
for the representatives of the UPR target genes PERK (also
called EIF2AK3), GRP78 (HSPA5/B), and CHOP (DDIT3).
The results of PCR indicated that the expression of UPR tar-
get genes was increased in D-NPCs compared to N-NPCs.
Furthermore, we looked at whether the expression of UPR
target genes was reflected in protein production by western
blotting assay. The results shown in Figure 1(c) indicate that
the UPR target genes expressions were upregulated in D-
NPCs, indicating that degeneration may induce ER stress
and subsequently produce UPR in NPCs.

3.2. UPR Activation Leads to the Decreased Biological Activity
of NPCs. Since the chronic inflammation activates UPR
response as well as impairs the biological activity of NPCs
in IDD, we want to know whether activated UPR also leads
to the impaired biological activity of NPCs. Then, we treated
NPCs with UPR inducer, tunicamycin (Tm) for 12 hrs. The
greatest increase of expression was observed in GRP78,
IRE1-α, and CHOP, and increased expression was also noted
with PERK and ATF6 (Figure 2(a)). Western blot also indi-
cated that the three main branches of UPR, PREK, IRE1-α,
and ATF6 expression significantly increased, as well as
GRP78 and CHOP (Figure 2(b)). As to proliferation capacity
assay, similar growth tendencies were observed in both
groups. According to the OD values, a continuous increase
was observed from days 1 to 7, and a little decrease was
formed at day 5 in the TM group. However, a significant
higher proliferation capacity was found in the control group
at the last 3 time points (Figure 2(c)).

Our previous study showed defective biological activity of
D-NPCs [14]. To know whether activated ER stress results in
synthetic impairment of NPCs, we tested the biological activ-
ity of N-NPCs treated by Tm for 12 hrs. Increased UPR may
contribute to a decrease in Aggrecan (Agg), Collagen II
(Col2), and Sox9 after 24 hrs of induction (Figure 2(d)).
These results indicate that strong respondence to acute ER
stress could be observed in NPCs, which could have an influ-
ence on biological activity.

Table 2: Sequences of primers used in real-time RT-PCR.

Gene Primer sequences(5′-3′)

PERK
Forward: GTCCGGAACCAGACGATGAG
Reverse: GGCTGGATGACACCAAGGAA

ATF6
Forward: CGGAGTATTTTGTCCGCCTG
Reverse: GCTGCTTCCAATTGCAGCTC

IRE1-α
Forward: CCTAGTCAGTTCTGCGTCCG
Reverse: TTCCATCCAGCGTTGACACA

GRP78
Forward: TCAAGTTCTTGCCGTTCAAGG
Reverse: AAATAAGCCTCAGCGGTTTCTT

CHOP
Forward: CAAGAGGTCCTGTCTTCAGATGA

Reverse: TCTGTTTCCGTTTCCTGGTTC
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3.3. Inflammation Triggers UPR and Impairs Biological
Activity of NPCs. To know whether inflammatory stimula-
tion induces UPR in NPCs, we used IL-1β and TNF-α, which
were found highly expressed in NPCs in IDD patients [14], to
treat N-NPCs and observe the UPR in the cells. However,
after the 12 hrs stimulation of IL-1β and TNF-α synergisti-
cally, our results showed that the expressions of GRP78,
PERK, IRE1-α, and CHOP were increased. Then, we pre-
treated NPCs with an UPR inhibitor 4-PBA for 24hrs, while
GRP78, PERK, IRE1-α, and CHOP of D-NPCs were
decreased after the 4-PBA treatment, but the expression of
ATF6 was similar in all the three groups (Figure 3(a)). The
western blot had similar results, indicating that PERK and
IRE1-α expression in the inflammatory response are upregu-
lated in D-NPCs; however, the ATF6 expression was similar
(Figure 3(b)).

Regarding the proliferation capacity, similar growth
tendencies were observed in all the three groups. A continu-
ous increase was observed from days 1 to 7, which was
similar with the CCK8 results of the TM-treated group
(Figure 2(c)). However, a slightly higher proliferation capac-
ity was found in IL-1β, TNF-α, and 4-PBA groups at the last
2 time points (Figure 3(c)).

Next, IL-1β and TNF-α were used to treat NPCs syner-
gistically in biological activity. Western blot showed that

Agg, Col2, and Sox9 were decreased. However, the biological
activity of N-NPCs was rescued after 4-PBA treatment, since
the synthetic marker proteins were recovered (Figure 3(d)).

Taken together, these results indicate that the ER stress
response is not globally or fully activated in the inflammatory
environment of NPCs.

3.4. UPR Activation Regulates Biological Activity of NPCs
through PERK and IRE1-α Pathways. The basal activation
status of the three main branches of UPR was monitored in
D-NPCs. The presence of PERK, IRE1-α, and ATF6 was
determined by immunohistochemical (IHC) in nondegener-
ated and degenerated NP tissues. The presence of PERK and
IRE1-α was determined by IHC in D-NPCs, whereas ATF6
was similar in both N-NPCs and D-NPCs (Figure 4(a)).

In order to know whether impaired biological activity of
NPCs is affected by PERK and IRE1-α pathway in chronic
inflammatory microenvironment, we used siRNAs to
knockdown three sensors of ER stress, respectively, and
observed the biological activity of N-NPCs. The results
showed decreased expressions of PERK, IRE1-α, and ATF6
by real-time PCR (Figure 4(b)). We found that the synthesis
proteins of Agg, Col2, and Sox9 were significantly increased
in PERK and IRE1-α siRNA-transfected D-NPCs, respec-
tively, compared with the controlled group caused by IL-1β
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Figure 1: Activation of the UPR target genes in degenerated NPCs. (a) Transmission electron microscopy (TEM) images of endoplasmic
reticulum (ER) in N-NPCs and D-NPCs. The morphology of ERs was showed with white arrows. The results showed more dilated and
abundant ERs in D-NPCs. (b) The expressions of the UPR target genes (PERK, GRP78, and CHOP) in N-NPCs and D-NPCs were
determined by real-time PCR. The results were normalized to GAPDH mRNA expression. (c) Western blot analysis showed the protein
levels of PERK, GRP78, and CHOP in N-NPCs and D-NPCs. β-Actin was used as an internal control. The representative results were
from three independent experiments. The error bars represent the SD from the mean values. ∗P < 0:05, ∗∗P < 0:01.
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and TNF-α treatment. However, the biological activity of
NPCs was not rescued after the transfection with ATF6
siRNA (Figure 4(c)).

As described above, we demonstrate that ER stress regu-
lates biological activity of NPCs through PERK and IRE1-α
pathway.

4. Discussion

In this study, we uncovered a previously unrecognized link
between the UPR pathway and IDD. For the first time, we
report that inflammatory factors activate the UPR sensors
(PERK, IRE1-α) and then impair the biological activity of
NP cells, as summarized in the Graphical Abstract. Accord-
ing to our data, when the two pathways were blocked, the
cell function can be recovered. The results indicated PERK

and IRE1-α may be the important mediators of UPR and
IDD.

IDD is a degenerative status of spine with aging, which
mainly starts from nucleus pulposus. Loss of NPCs and
decrease of protein synthesis could result in the degrada-
tion of ECM and break the homeostasis in IVD [15],
which would cause discogenic low back pain, disc hernia-
tion, etc. Despite the increasing prevalence of IDD-related
diseases and consequently high economic burden, both
conservative and surgical treatments mainly focus on the
relief of pain and reconstruction of stability, not on the
etiology of degeneration. Current studies explore new
strategies for restoring the function and homeostasis of
degenerated discs via inhibition of inflammation, preven-
tion of premature aging, and improvement of the ECM
content [2].
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Figure 2: UPR activation leads to the decreased biological activity of NPCs. The expression of UPR genes in NPCs treated by Tm was
analyzed by real-time PCR (a) and western blot (b). (c) Cell proliferation was evaluated by the CCK-8 assay at days 1 to 7 after TM
treatment. (d) The expression of Agg, Col2, and SOX9 following the exposure of NPCs to Tm was confirmed by western blot. β-Actin was
used as an internal control. The representative results were from three independent experiments. The error bars represent the SD from the
mean values. ∗P < 0:05, ∗∗P < 0:01.
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Increasing attention has been paid on the research of
inflammatory reactions in NPCs, though several factors have
been found to play a key role in degeneration of NPCs [16,
17]. ER stress is an identified subcellular pathological pro-
cess, which has been found participating in many chronic
inflammatory diseases (such as rheumatoid arthritis and dia-
betes) [18, 19]. The UPR is a following response to ER stress,
serving to compromise the stress that results from the pres-
ence of misfolded proteins in an attempt to restore homeo-
stasis. It is activated via three pathways: PERK, IRE1-α, and
ATF6 [20]. Therefore, we speculated that there may be a rela-

tionship between IDD and UPR. Similar with IDD which
begins with cell degeneration, osteoarthritis (OA) is a pro-
gressive disease of the joints resulting in the degeneration of
articular cartilage. Some studies showed the expression of
some UPR genes had been investigated in OA chondrocytes.
A study showed that chondrocytes from human OA cartilage
displayed ER stress and that ER stress and apoptosis were
increased during the progression of OA. The authors found
XBP1 mRNA splicing, which represented a protective ER
stress response, increased in moderate OA cartilage, but not
in mild or severe cartilage [21]. However, one research
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Figure 3: Inflammation triggers UPR and impairs biological activity of NPCs. The expression of UPR gene in NPCs treated by IL-1 and
TNF-α synergistically without/with 4-PBA was analyzed by real-time PCR (a) and western blot (b). (c) Cell proliferation was evaluated
by the CCK-8 assay at days 1 to 7 after IL-1 and TNF-α synergistically without/with 4-PBA treatment. (d) The expression of Agg, Col2,
and SOX9 following the exposure of NPCs to IL-1 and TNF-α synergistically without/with 4-PBA was confirmed by western blot
analysis. β-Actin was used as an internal control. The representative results were from three independent experiments. The error
bars represent the SD from the mean values. ∗P < 0:05, ∗∗P < 0:01.
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Figure 4: UPR activation regulated the synthesis of NPCs through the PERK and IRE1-α pathways. (a) The expression of PERK, ATF6, and
IRE1-α proteins in degenerated and nondegenerated NP tissues was detected by IHC. Representative images are presented at the indicated
magnifications. Scale bar, 50μm. Compared with the controlled group, the presence of PERK and IRE1-α was significantly increased in
degenerated tissues, whereas ATF6 was similar. (b) The expression of ATF6, IRE1-α, and PERK was downregulated after being transfected
with PREK, ATF6, and IRE1-α siRNA as assayed by real-time PCR. (c) The expression of Agg, Col2, and SOX9 was significantly increased
after knockdown of PERK and IRE1-α than ATF6 as assessed by western blot. β-Actin was used as an internal control. The representative
results were from three independent experiments. The error bars represent the SD from the mean values.
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demonstrated that the level of ER stress is not significantly
increased in OA chondrocytes [22]. But in their results,
downregulating PERK expression increased COL1a1 and
suppressed COL2a1 expression which impacted ECM of car-
tilage. Another study reported the intracellular accumulation
of AGE-induced chondrocytes apoptosis via ER stress [23].
However, few investigations have identified the relationship
between ER stress and the degeneration of NPCs. A study
reported disc cell apoptosis mediated simultaneously by ER
and mitochondria played a potent role in IDD, but no more
further molecular results about UPR were presented [24].
In our present research, we found the level of ER stress in
D-NPCs is obviously higher than N-NPCs. The morphology
of ER also showed more dilated and abundant in D-NPCs by
TEM. Then, we activated the ER stress and found the prolif-
eration and synthesis of NPCs all declined. These findings
indicate the ER stress may participate in the process of IDD.

IL-1β and TNF-α are the classical primary proinflamma-
tory cytokines of IDD; and their progression plays a role in
the inhibition of anabolic process and proliferation required
for IVDmaintenance [16, 25, 26]. In this study, we combined
IL-1β and TNF-α to stimulate the inflammatory status
in vitro and also demonstrated that IL-1β and TNF-α inhib-
ited the NPCs proliferation and synthesis. Meanwhile, the
UPR was activated. When the ER stress inhibitor 4-PBA
was added to the proinflammatory factor-treated cells, the
biological activity partially recovered. These evidences fur-
ther illustrated the inflammatory environment induced IDD
via ER stress.

The results of RT-PCR and Western blot indicated that
(1) the signaling pathways of UPR had been activated par-
tially and (2) the mRNA and protein level of IRE1-α and
PERK are significantly higher than the controlled group,
which were consistent with the IHC in the IDD tissues from
patients. All those findings indicated that IL-1β and TNF-α
affected the biological activity of NPCs through the PERK
and IRE1-α pathways. To confirm this opinion, we used the
gene-silencing technique to block the UPR pathway sepa-
rately and found the silence of PERK and IRE1-α caused
the upregulation of synthesis activity, especially the silence
of IRE1-α. These results accorded with another research of
OA [22]. However, as reported in other diseases, PERK and
IRE1-α played dual roles depending on whether they were
activated by physiological factors or by ER stress, and the cel-
lular responses were different depending on the stimulating
factors [27, 28].

In conclusion, we found the ER stress was activated in
degenerated IDD. The cell biological activity of NPCs can
be partly preserved by the block of the two UPR pathways
when treated by TNF-α and IL-1, which indicated inflamma-
tion may induce IDD by the PERK and IRE1-α pathways.
Our study identifies the two pathways as the potential target
for molecular therapeutics of IDD.
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This review summarizes recent research progress in the clinical features, image manifestations, and pathological mechanism of
multifidus injury. After a brief introduction to the fiber classification, innervation, blood supply, and multifidus function, some
factors of multifidus injury, consisting of denervation, intraoperative incision selection and traction, and lumbar degenerative
disease are overviewed. In addition, the clinical index of multifidus injury including myoglobin, creatine kinase, IL-6, C-reactive
protein, the cross-sectional area of multifidus, the degree of fat infiltration, and intraoperative biopsy are summarized.
Furthermore, we recommend that patients with chronic low back pain should take the long-term exercise of lumbodorsal
muscles. Finally, some remaining issues, including external fixation and the imaging quantitative evaluation criteria of
multifidus, need to be further explored in the future.

1. Introduction

All around the globe, 65-85% of the population suffer from
low back pain, which is highly related to lumbar degenerative
disease [1, 2]. The recurrent low back pain not only brings
the loss of productivity and working time but also increases
the economic burden borne by the whole society [3]. Studies
showed that most patients with lumbar degenerative disease
had atrophy of multifidus muscle and fat infiltration [4, 5].

Multifidus is the only paraspinal lumbar muscle inner-
vated by a single nerve root [6], which plays an important
role in maintaining the stability of the spine [7]. Multifidus
injury often occurs in patients with chronic low back pain,
lumbar disc herniation, and scoliosis and lumbar surgery
[8–10]. Multifidus injury is often manifested as atrophy and
steatosis in imaging and increases inflammatory reaction
[11]. In the development of lumbar degenerative diseases,
the protection and treatment of multifidus need more
interventions.

In this study, we try to review the anatomical structure
and function of multifidus, the clinical manifestations, imag-
ing findings, pathological mechanism, and research progress
of multifidus injury; discuss the risk factors; list the clinical
detection methods of multifidus injury; explore the mecha-
nism of oxidative stress that induced multifidus injury; and
finally, we summarized the recovery methods of multifidus
injury, which may play a positive role in clinical work.

2. Anatomy and Function of Multifidus

Multifidus is the deep internal back muscle. It is composed of
multiple muscle bundles and fills the groove on both sides of
the spinous process. It is close to the innermost side of the
spine and has the largest attachment area in the paravertebral
muscle. The lumbar multifidus is wrapped in the muscle
sheath formed by the superficial and middle layers of the
thoracolumbar fascia. The Longissimus muscle, spinous
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process, and lamina are on the outside, medial side, and the
ventral side of the multifidus.

The multifidus muscle originates from the sacrum and
the posterior superior iliac spine, the mastoid process of the
lumbar spine, the transverse process of the thoracic verte-
brae, and the articular process of C4-C7. It attaches to all
the spinous processes of the upper vertebrae. Rosatelli et al.
[12] found that L1-L4 multifidus could be divided into three
layers: shallow and middle and deep layer. L5 multifidus was
divided into two layers, shallow layer and deep layer. The
superficial multifidus started from the L1-L5 spinous process
and moved outward and downward. L1 multifidus stopped at
L5, S1 mastoid, and posterior superior iliac spine; L2 multifi-
dus stops at S1 mastoid and posterior superior iliac spine; L3
multifidus stops at S1-S3 dorsal side; L4 multifidus stops at
the dorsal side of S2-S4; L5 multifidus stops at the dorsal side
of S3-S4. The medial multifidus starts from the L1-L4 spi-
nous process and ends at the L4, L5, S1 mastoid, and dorsal
side of S2. The deep multifidus starts from the L1-L5 lamina
and ends at the L3-S1 mastoid and sacrum.

Multifidus muscle fibers are classified as type I fibers
(slow-twitch fibers), type IIa fiber (fast-twitch fiber), and type
IIX fiber (fast-twitch glycolytic) [13, 14]. Type I fiber has slow
contraction speed and small contraction strength, but its
antifatigue ability makes it work for a long time. It possesses
low ATPase activity, low maximal velocity, higher mitochon-
drial content, and more significant oxidative enzyme comple-
ment than the type II fiber. The aerobic capacity of type I
fiber is higher than that of type II fiber. Type II fiber has short
contraction latency, fast contraction speed, strong contrac-
tion, and weak force fatigue resistance. Type II fibers are
endowed with higher ATPase activities and contain enzymes,
which support the regeneration of ATP through anaerobic
mechanisms. The size of type II muscle fiber decreased signif-
icantly with the increase of adult age, while type I muscle
fiber was the opposite [15]. In the elderly, type II muscle fiber
size is significantly smaller than that of young people [16].
Some studies have shown that the lumbar dorsal multifidus
muscles consist of 54%–70% type I fibers and 23.6%–
52.54% type II fibers [17]. The atrophy of type I fibers in
the multifidus muscle can be explained by muscle fibers
chronic stretch due to pain-induced spasm. Moreover, the
atrophy of type II fibers was often attributed to low activity
level [18].

The lumbosacral multifidus is innervated by the dorsal
root of the lumbar nerve [19], which divides from the spinal
nerve [20, 21] and passes through a bone fiber ring to the
medial edge of the intertransverse muscles, and is divided
into the medial and lateral branch. The medial branch runs
backward and downward at the lateral side of the lower ver-
tebrae, passes through the bone fiber tube, reaches the dorsal
side of the lamina, and then enters the multifidus muscle.
However, due to the small anatomic structure and lack of
elasticity, the stenosis of for a man can oppress the lumbar
nerve and cause low back pain.

The lumbosacral multifidus is supplied by the dorsal
branch of the lumbar artery [22] and the lateral iliac artery.
From both sides of the abdominal aorta, the lumbar artery
crosses the anterior and lateral sides of the lumbar vertebral

body and accompanies the lumbar vein. It divides the dorsal
branch at the medial edge of the psoas major to supply the
multifidus and other dorsal muscles [23].

In paravertebral muscles, multifidus is the primary
source of maintaining lumbar stability [24]. The superficial
multifidus muscle crosses multiple segments, moves outward
and downward from the L1-L5 spinous process, prevents the
vertebral body from rotatory dislocation, and maintains lum-
bar physiological lordosis. The deep multifidus muscle
crosses few segments and is close to the central axis, which
can increase lumbar segmental tension and reduces the
movement between lumbar segments [25]. Some scholars
believe that when the body’s centre of gravity suddenly loses
balance, the multifidus will be activated in advance and con-
tract ahead of time enhancing the stability of the lumbar
spine sequence, which is called feedforward control [26,
27]. Due to the short length, large cross-sectional area, and
the short reaction time of multifidus, the risk of lumbar
instability can be reduced (Figure 1).

3. Factors of Multifidus Injury

3.1. Denervation. Lumbar degenerative diseases are often
related to nerve injury, and most of the electromyography
shows potential denervated changes. In the experiment, the
multifidus muscle of pig atrophied rapidly after nerve root
injury [28]. There are a lot of pathological changes in dener-
vated multifidus: reduced diameter of muscle fiber [29] and
cross-sectional area of muscle bundle [30], dissolved muscle
fiber mitochondria [31], and disordered transverse tubular
system. As the number of mitochondria decreased, the
sodium-potassium pump activity decreased, the energy sup-
ply of the tricarboxylic acid cycle decreased, and muscle
strength weakened. Also, the absence of proprioceptor in
multifidus will lead to the interruption of feedforward reflex
and a further decrease of spinal stability. Some scholars have
pointed out [32] that asymmetric multifidus atrophy will
break the biomechanical balance of the spine and cause spi-
nal degeneration. Fortunately, Cha et al. [33] pointed out that
patients with preoperative denervation of the multifidus had
reinnervation of the multifidus during a 12-month follow-up
after bone graft fusion, which meant that nerve recovery after
the operation was possible.

3.2. Intraoperative Incision Selection and Traction. During
the posterior lumbar surgery exposure process, it is inevitable
that paravertebral muscles will be stripped and damaged
[34]. Postoperative lumbar MRI shows that paravertebral
muscles have different degrees of injury [35], accompanied
by low back pain and dysfunction [36]. However, minimally
invasive surgical methods can significantly reduce paraver-
tebral muscle atrophy. Studies have shown that the parame-
dian approach is used to separate the multifidus and the
longissimus muscle in the posterior lumbar approach. The
postoperative multifidus atrophy is 4.8%, significantly less
than the posterior median approach (20.7%) [37].

Posterior lumbar interbody fusion is an important cause
of multifidus muscle injury and atrophy in posterior lumbar
surgery [38]. Fusion and fixation of the posterior lumbar
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spine usually requires extensive anatomy and forced trac-
tion of the paravertebral muscles, which may seriously dam-
age the structure and function of the muscles. Denervation
and abandonment may be important factors of multifidus
atrophy [38]. The underlying pathophysiology of muscle
injury may involve mechanical and ischemic mechanisms.
On the other hand, surgical related stress may trigger some
protective responses in the injured paraspinal muscles. After
the contraction of multifidus, the expression of heat shock
protein 70 and malondialdehyde was significantly increased.
Through the study of multifidus samples, Lu et al. found
that the decrease of heat shock protein 70 in muscle cells
after the long-term contraction resulted from severe muscle
injury [39].

Kawaguchi et al. [40] pointed out that the traction of
paravertebral muscles or excessive pressure on the lumbo-
dorsal muscles during the operation will induce the injury
and bleeding, and the length of the traction time also affects
the degree of atrophy. Some researchers [41] suggest that
the operator should perform a 5-minute stretch release
every hour to avoid severe muscle injury after surgery. How-
ever, direct intraoperative injury is not the only factor for
multifidus atrophy. Motosuneya et al. [42] found that
although the lumbodorsal muscles of patients in the anterior
lumbar interbody fusion group did not undergo surgical
trauma, paravertebral muscle atrophy still occurred after
surgery. It is pointed out that the use of external fixation
such as waist supporter after operation leads to decreased
activity of the operative segment, which is the main cause
of paravertebral muscle injury in patients with anterior
lumbar interbody fusion.

3.3. Lumbar Degenerative Disease. Lumbar degenerative dis-
ease is one of the causes of multifidus injury [43]. After multi-
fidus injury, the biomechanical balance of the spine is
disturbed. The frequent displacement between segments will
accelerate the degeneration of the spine, which will lead to
further injury of paraspinal muscles. Furthermore, if no
effective intervention is taken, a vicious circle will be formed.
Faur et al.’s study showed a significant correlation between

lumbar disc degeneration and fat atrophy of multifidus, and
at the level of L5/S1, the percentage of multifidus atrophy
was higher than other segments [30]. The causes of lumbar
degenerative disease leading to multifidus atrophy can be
divided into two aspects: (1) compression caused by lateral
recess stenosis [44], intervertebral disc herniation, long-
term local ischemia, and nerve damage leading to denervated
atrophy [45]. (2) The sinuvertebral nerve compressed unilat-
erally causes low back pain [46], and the reduced exercise of
the affected side leads to disuse atrophy of multifidus muscle.
Wan et al. [47] found that the multifidus on the affected side
of patients with chronic low back pain was significantly atro-
phied compared with the healthy side. On the contrary,
Ranger et al. [48] believed a negative correlation between
multifidus atrophy and chronic low back pain after 12
months of follow-up, which means the relationship between
paravertebral muscles and chronic low back pain still needs
to be confirmed by a higher quality cohort study.

Chronic low back pain is one of the most common and
costly medical problems; very few treatments have proved
effective [49, 50]. However, very few treatments have proved
effective. Among the 291 diseases studied, lower back pain in
Western Europe was ranked as the highest disability burden,
according to the Agten et al.’s study [51]. Rahmani et al.’s
study showed that pain intensity and disability index were
significantly correlated with muscle size, and the multifidus
muscle size of 15-18 years old male adolescents with low back
pain was lower than that of healthy people [37].

4. Oxidative Stress and
Inflammation of Multifidus

Oxidative stress and inflammation are two molecular mech-
anisms of multifidus injury and atrophy after posterior lum-
bar surgery (Figure 2). The molecular mechanism of muscle
injury is very complex [52]. Up to now, the cellular or molec-
ular mechanism of multifidus injury is not completely clear.

The inflammatory reaction of multifidus muscle is mostly
related to IL-1 β, tumor necrosis factor, and IL-10. According
to one hypothesis, increased expression of proinflammatory

Fiber
classification

Innervation

Blood supply

Function

Type I (54%-70%)

Type II (23.6%–52.54%)

Dorsal root of the lumbar nerve

Dorsal branch of the lumbar artery

Lateral iliac artery

Prevents the vertebral body from rotatory dislocation

Anti-fatigue, higher mitochondrial
content and more significant

oxidative enzyme complement

Short contraction latency, fast
contraction speed, strong

contraction

Multifidus

Maintains lumbar physiological lordosis

Figure 1: Anatomy and function of multifidus.
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cytokine and tumor necrosis factor-α (TNF-α) is associated
with muscle atrophy. TNF-α affects myoblast differentiation
and fiber degradation. TNF-α expression increased with
intervertebral disc injury and affect axon conduction.
Hodges et al. found that after intervertebral disc lesion,
muscle fibrosis appeared and the TNF-α expression in
muscle is increased [53].

James et al. [54] conducted a case-control study on mice
and found that the levels of IL-1, tumor necrosis factor, IL-
10, adiponectin, and leptin were lower in the sports group.
The results indicated that intervertebral disc degeneration
could lead to the imbalance of active inflammatory pathways
in multifidus. In addition, these changes are related to the
severity of intervertebral disc degeneration and can be pre-
vented by physical exercise.

Recent animal studies [55] have found that local inflam-
matory dysfunction is a new mechanism to explain fat and
connective tissue accumulation in multifidus muscle during
disc degeneration and injury. James examined whether there
were differences in the expression of inflammatory genes in
multifidus between individuals with low and high intramus-
cular fat content to test whether there was a similar mecha-
nism in humans. It was found that the expression of TNF
in multifidus was higher in the participants with a higher
degree of fat infiltration. These results support the hypothesis
that intervertebral disc degeneration is associated with mal-
adjustment of local spinous muscle inflammation.

Evidence showed that estrogen has strong antioxidant
activity, which may maintain membrane stability and limit
creatine kinase leakage from damaged muscles [56]. In Yang
et al.’s study, estrogen protects intervertebral disc cells from
apoptosis by inhibiting inflammatory cytokines IL-1β and
TNF-α [57].

For the oxidative stress process, skeletal muscle pathol-
ogy is mainly attributed to muscle cell membrane damage.
The injury is often related to the unregulated influx of cal-
cium through membrane lesions, which includes (1) activa-
tion of proteases and hydrolases that cause muscle injury,
(2) activation of enzymes that drive muscle and immune cells

to participate in injury and repair of mitogen and motilin,
and (3) protein-protein interactions that promote membrane
repair. At present, there is no specific cellular or molecular
mechanism of multifidus injury [58]. In addition, the accu-
mulation of free radicals caused by damage stimulation can
also activate the proteolytic systems, thus, resulting in the
increased protein degradation and reduced protein synthesis,
which eventually lead to muscle atrophy [59].

Histochemical and pathological analysis of patients with
idiopathic scoliosis showed necrosis, fibrosis, and fatty
degeneration of paravertebral muscle. Compared with the
control group, severe muscle injury and oxidative stress were
increased in patients, and abnormal myogenesis was observed.
The increased oxidative stress reaction can lead to muscle
apoptosis and dysmyogenesis, which may be related to the
pathological changes of idiopathic scoliosis and participate in
the development and idiopathic scoliosis [60].

Dzik et al. [61] studied the changes in antioxidant
enzyme activity and vitamin D receptor in paravertebral
muscles with different serum vitamin D concentrations.
Superoxide dismutase and glutathione peroxidase activities
in the vitamin D deficiency group were significantly higher
than those in the supplemented group. In vitamin D supple-
mented participants, lipid and protein-free radical damage
markers were weakened, and the patients with high serum
vitamin D concentration had stronger antioxidant capacity.

In another study [62], researchers found that vitamin D
deficiency causes muscle atrophy. Vitamin D deficiency is
associated with increased oxidative stress, muscle atrophy,
and decreased mitochondrial function in multifidus muscle,
leading to worse recovery after surgery in patients with vita-
min D deficiency.

Ascorbic acid may protect multifidus muscle after opera-
tion. Tang et al. assessed the inflammation, steatosis, and
fibrosis of muscle by quantitative real-time polymerase chain
reaction, histological, and immunohistochemical analysis. It
was found that the marker genes and scores of fibrosis and
steatosis in the ascorbic acid group were significantly lower
than those in the control group at 14 and 28 days after
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Figure 2: Molecular mechanism of multifidus injury. IL: interleukin.
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operation. It was suggested that ascorbic acid could reduce
the oxidative stress and inflammatory reaction of multifidus
muscle after operation [63].

Severe muscle degeneration, inflammation, and decreased
blood vessels are commonly observed in biopsies of people
with lumbar lesions compared to normative data. Active mus-
cle degeneration suggests that muscle tissue change is more
complex than simple atrophy [64].

5. Clinical Index of Multifidus Injury (Figure 3)

5.1. Inflammatory Index. Linzer et al. [11] chose myoglobin
and creatine kinase levels as muscle injury indicators and
IL-6 and C-reactive protein as systemic inflammatory indica-
tors. In muscle injury-related research, all indexes were
detected before and 1, 3, and 7 days after operation.

5.2. MRI. After lumbar spine surgery, MRI showed that most
of the patients had fat infiltration in different degrees, and
the cross-sectional area of paravertebral muscle was also
decreased compared with that before operation. In Wu
et al.’s study, the mean T2 signal intensity ratio of MRI
increased one year after surgery [65]. The ratio of fat infiltra-
tion rate of cross-sectional area is a common index of multi-
fidus injury. Also, Urrutia et al. [66] pointed out in the
imaging study that single segment fat infiltration detection
and cross-section cannot represent the degeneration of the
whole lumbar spine, and multisegmental paravertebral mus-
cle evaluation should be adopted in the study of spinal degen-
eration. As for multifidus fatty evaluation, Li et al. developed
a measurement system for automatic segmentation of multi-
fidus and erector spinae in MRI images based on the deep
neural network [67], and Shahidi et al. used custom-written
MATLAB software and two-term Gaussian model to calcu-
late fat signal fraction [4], which avoid human factors on
the calculation of fat infiltration rate.

5.3. Intraoperative Biopsy [68]. For intraoperative biopsy
[69], the atrophic muscles were observed on preoperative
imaging. During the operation, tissue scissors and other
instruments are used to take atrophic muscles out, and the
biopsy should be sent to the laboratory for the frozen section
of atomized liquid immediately. HE staining [70] can be used

to observe the regularity of muscle fiber arrangement, the
clarity of muscle transverse striation, and granulation tissue
infiltration. After silver staining [71], the number of branches
of nerve endings and the number of muscle fibers innervated
by nerves could be observed. The distribution and type of
muscle fibers can be observed by ATPase staining [72], and
the content and distribution of lipid in tissues can be esti-
mated by red oil O staining [73]. Wajchenberg et al. [74]
detected the fat content of the samples, which can quantita-
tively compare the differences between the samples.

However, there is no accepted histopathological reference
value in paraspinal muscle biopsy. Zimmermann et al. used
histological staining and respiratory chain enzyme biochem-
ical analysis methods to analyze biopsy of multifidus muscle
in 20 healthy subjects. It was found that the staining showed
incomplete myopathy characteristics, such as increased fiber
size variability, type 1 hypertrophy, intramuscular fibrosis,
and fat tissue replacement. The positive rate of acid phospha-
tase reaction was 35%, and the changes in mitochondria were
obvious. According to Zimmermann et al., it is easy to be
misunderstood as myopathy due to the increased variability
of morphological details. The incomplete myopathy charac-
teristics of complex I, cytochrome c oxidase, and citrate syn-
thase and the decrease of oxidase activity should consider as
normal changes when analyzing paravertebral muscles [75].

5.4. Other. In addition, shear wave elastography can evaluate
muscle stiffness noninvasively [76]. Ultrasonic muscle quan-
tification can detect the degree of muscle atrophy [77].
Airaksinen et al. evaluated lumbar muscle density by com-
puted tomography [78].

6. Recovery of Multifidus Function

Multifidus is an important factor to maintain spinal stability.
The rest after paravertebral muscle fatigue can make the
activity of paravertebral muscle decrease gradually [79].
The damagedmultifidus can be repaired and activated in var-
ious ways. Clinicians should guide the choice of patients’
recovery mode through professional knowledge [80]. Free-
man et al. [81] found that the degree of multifidus atrophy
and fat infiltration decreased in patients with one-year con-
tinuous multifidus exercise. Kliziene et al. [82] found that

Clinical index of multifidus injury
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Figure 3: Clinical index of multifidus injury. IL: interleukin; HE: hematoxylin-eosin staining.
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after eight months of core stability training, such as sit-ups,
spinal bridging, and leg kick, the cross-sectional area of mul-
tifidus muscle increased by 22%. In the prospective random-
ized controlled study of Mannion et al. [15, 83], the isometric
muscle strength, endurance, and fatigue resistance of the
lumbar and dorsal muscles were significantly enhanced in
patients undergoing rehabilitation exercise than those before
treatment. Some experts believe that the increase of length
and cross-sectional area of muscle fibers can make more
nerve innervation needed after muscle training. Subse-
quently, new endplates will appear in large numbers to
reinnervate the damaged muscles.

Besides, back stretching can improve the blood flow of
lumbar muscles and effectively relieve the lower back pain
related to muscle ischemia [84]. Kumamoto et al. studied
the changes of oxyhemoglobin and electromyography in
standing stretching exercise and found that standing stretch-
ing can improve hemodynamic performance, but excessive
exercise will lead to a decrease of hemodynamic changes.
Though patients with muscle ischemia should be more cau-
tious when doing such exercises [85]. Besides that, based on
taking protective measures, older adults can also benefit from
exercise [86], and the inflammatory indexes of low back pain
patients will decrease after exercise [87].

7. Summary

Multifidus is an indispensable link to maintain spinal stabil-
ity. The long-term damage of chronic lumbar degenerative
diseases and the direct damage of lumbar surgery are the
main causes of multifidus injury. Oxidative stress and inflam-
mation are two molecular mechanisms of multifidus injury
and atrophy after posterior lumbar surgery. Minimally inva-
sive spinal surgery is effective in protecting the postoperative
function of multifidus muscle. To avoid further atrophy of
multifidus and progressive degeneration of the lumbar spine,
patients after lumbar surgery and patients with chronic low
back pain should actively carry out long-term rehabilitation
exercise of the lumbar muscles. At present, there are still
some problems that need to be further studied. Such as how
to avoid the disuse atrophy of paravertebral muscles as far
as possible in the use of external fixation such as waist sup-
porter after lumbar surgery, and the imaging quantitative
evaluation criteria of multifidus atrophy need further
research and discussion. Monitoring oxidative stress and
vitamin D receptor protein content may help to further study
the mechanism of vitamin D in the muscle recovery process.
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Objective. To evaluate the influence of salvianolic acid B (SAB), an antioxidant derived from Danshen, on intervertebral disc
degeneration (IDD) and its possible molecular mechanisms. Methods. Sixty adult rats were randomly grouped (control, IDD, and
SAB IDD groups). IDD was induced using needle puncture. The rats received daily administration of SAB (20mg/kg) in the SAB
IDD group while the other two groups received only distilled water. The extent of IDD was evaluated using MRI after 3 and 6 weeks
and histology after 6 weeks. Oxidative stress was assessed using the ELISA method. In in vitro experiments, nucleus pulposus cells
(NPCs) were treated with H2O2 (100μM) or SAB+H2O2, and levels of oxidative stress were measured. Cell apoptosis was assessed by
flow cytometry, expression levels of Bcl-2, Bax, and cleaved caspase-3 proteins. Cell proliferation rate was assessed by EdU analysis.
Pathway involvement was determined by Western blotting while the influence of the pathway on NPCs was explored using the
pathway inhibitor AG490. Results. The data demonstrate that SAB attenuated injury-induced IDD and oxidative stress, caused by
activation of the JAK2/STAT3 signaling pathway in vivo. Oxidative stress induced by H2O2 was reversed by SAB in vitro. SAB
reduced the increased cell apoptosis, cleaved caspase-3 expression, and caspase-3 activity induced by H2O2. Reduced cell proliferation
and decreased Bcl-2/Bax ratio induced by H2O2 were rescued by SAB. Additionally, the JAK2/STAT3 pathway was activated by SAB,
while AG490 counteracted this effect. Conclusion. The results suggest that SAB protects intervertebral discs from oxidative stress-
induced degeneration by enhancing proliferation and attenuating apoptosis via activation of the JAK2/STAT3 signaling pathway.

1. Introduction

Over recent years, lower back pain has been recognized as a
common disorder that primarily afflicts the elderly, contrib-
uting considerably to socioeconomic burden [1–3]. The
intervertebral disc (IVD) is important for stabilization and
biomechanical maintenance of the spinal column. IVD
degeneration (IDD) is believed to be a principal cause of
lower back pain, and more than eighty percent of adults have
at some point suffered IDD [4]. Therefore, the search for
treatments that would be effective for IDD has gained consid-

erable attention. Even now, the precise pathogenesis of IDD
remains unknown, although the possible etiology includes
genetic factors, trauma, infection, aging, smoking, and
mechanical stress [5]. The characteristic changes in IDD are
decreased intervertebral space, apoptosis of nucleus pulposus
cells (NPCs), loss of nucleus pulposus (NP) collagen, and ver-
tebral endplate calcification [6]. The central part of an adult
IVD, the nucleus pulposus (NP), is primarily composed of
chondrocyte-like NP cells (NPCs) that produce extracellular
matrix molecules that stabilize the biomechanical equilibrium
and structure of the IVD [7]. As IDD occurs and progresses,
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the NPCs commonly become significantly functionally
impaired due to either increased apoptosis or decreased
proliferation [8]. Previous studies have demonstrated that
oxidative stress may perform a crucial role in the pathology
of IDD [9–11].

It has been reported that significant structural alterations
in degenerated IVDs at least partly result from oxidative
stress resulting from excessive accumulation of reactive oxy-
gen species (ROS) [12]. In physiological conditions, the pro-
duction and elimination of cellular ROS are in dynamic
equilibrium. Oxidative stress occurs where this equilibrium
is out of balance, for example, in the microenvironment of
degenerated IVDs [13, 14]. A number of oxidative stress
markers have been identified in human degenerated discs,
including peroxynitrite, glutathione (GSH), superoxide dis-
mutase 2 (SOD2), malondialdehyde (MDA), and advanced
glycation end products (AGEs) [15–17]. Additionally,
SOD2 activity in the serum of patients and rats with IDD
has been found to be significantly reduced, while a number
of markers such as MDA, peroxide, and NO are significantly
increased [18]. The observations above demonstrate that
ROS and oxidative stress may significantly influence the
pathological development of IDD.

Previous studies have shown that the herbal drug Dan-
shen has a number of pharmacological and clinical effects
[19]. The constituents of Danshen are principally water-
soluble phenolic acids and fat-soluble tanshinone com-
pounds [20–22]. Salvianolic acid B (SAB) is the most abun-
dant water-soluble compound extracted from Danshen.
Previous studies have confirmed that SAB has antioxidative
properties and eliminates superoxide anion radicals (·O2

-),
thereby inhibiting hydrogen peroxide- (H2O2-) induced apo-
ptosis [23, 24]. It has also been reported that SAB can
increase the proliferation of human umbilical vein endothe-
lial cells [25]. Chang et al. reported that SAB was effective
in scavenging excess production of ROS, and this antioxidant
activity was stronger than even glutathione or vitamin E [26].
Hence, it can be deduced that SAB may help attenuate oxida-
tive stress-induced IDD. However, few studies have been
conducted in this field, and thus the precise influence of
SAB on degenerated IVDs or NPCs, and its underlying
mechanisms remain unresolved.

The Janus kinase 2 (JAK2)/signal transducer and activa-
tor of transcription 3 (STAT3) pathway is a common path-
way of signal transduction for multiple cytokines [27–29]
such as TNF-α, IL-6, and IL-1β, which transmits signals from
the cell membrane directly to the nucleus to initiate gene
transcription [30], occurring in inflammation and oxidative
stress. Additionally, the JAK2/STAT3 signaling pathway
has been shown to regulate the catabolism of genes related
to degenerated disc NPCs [31]. From this, we have reason
to infer that the degeneration of IVDs and NPCs is closely
associated with the JAK2/STAT3 signaling pathway. How-
ever, whether the JAK2/STAT3 pathway is involved in the
influence of SAB on IDD remains unclear.

Therefore, the present study is aimed at evaluating the
protective effects of SAB on IVD in SD rats with injury-
induced IDD in vivo and by use of an in vitro model of
H2O2-induced IDD in NPCs. Furthermore, the signaling

pathway involved in the attenuation of IDD by SAB was
investigated. This research may facilitate advances in the
clinical use of SAB for treatment of degenerative disease.

2. Methods and Materials

2.1. Reagents. SAB was obtained from ChromaDex, Inc.
(Irvine, CA, USA), dissolved in distilled water, and stored
at -20°C prior to use. Assays to quantify GSH, SOD2,
MDA, and ROS and caspase-3 activity kits were acquired
from Beyotime Biotechnology Co. Ltd. (Shanghai, China).
Dulbecco’s modified Eagle medium (DMEM)/F12 medium
and fetal bovine serum (FBS) were purchased from Invitro-
gen Inc. (MD, USA). All primary antibodies used in the study
were obtained from Cell Signaling Technology, Inc. (MA,
USA). The secondary antibodies were from Beyotime Bio-
technology Co. Ltd. (Shanghai, China). Sigma-Aldrich Inc.
(St. Louis, MO, USA) supplied all other reagents.

2.2. In Vivo Study

2.2.1. Animal Protocol. Sixty adult male Sprague-Dawley rats
were purchased from the animal center at Soochow Univer-
sity (Suzhou, China). Animals were maintained under nor-
mal conditions and randomly allocated into three equal
groups (control, IDD, and SAB IDD) prior to surgery. All
rats received treatments, as appropriate, for two weeks and
then were subjected to experimental surgery, as described
below. All animal experiments were approved by the Animal
Care and Experiment Committee of Soochow University
(2019 Approval No. ECSU-2019000210).

2.2.2. IDDModel Induction. Percutaneous needle puncture has
been shown to be an effective method of induction of disc
degeneration [32]. After acclimatization, animals were anesthe-
tized by inhalation of 2% fluothane in oxygen/nitrous oxide.
The surgical procedure was performed on the vertebrae in the
tail, as described previously [33]. In the IDD and SAB IDD
groups, the Co8-9 discs were punctured using a 20-gauge nee-
dle. Full penetration and sham surgery were performed on rats
in the control group. Following surgery, all rats in the SAB IDD
group received SAB (20mg/kg) by oral gavage once per day for
six consecutive weeks, consistent with the dose used in a previ-
ous study [34]. Only distilled water was administrated to rats in
the other two groups. After 6 weeks, all rat tails were scanned by
MRI under isoflurane anesthesia and then the Co8-9 discs were
collected for subsequent experiments. All experimental steps
complied with the Animal Research Reporting of In Vivo
Experiments (ARRIVE) guidelines.

2.2.3. Magnetic Resonance Imaging (MRI) Examination. T2
mapping of MRI signal intensity is commonly used to mea-
sure the degree of IDD. The procedure was conducted as pre-
viously described, in a 1.5 T MRI scanner (GE, USA) [35].
Briefly, all rat IVDs were scanned at the 3- and 6-week time
points. The T2 signal intensity of Co8-9 discs was recorded,
and the ratio of T2 signal intensity of the injured to control
discs was calculated then analyzed using the ImageJ software.
Therefore, normalized disc intensity was presented as values
between 0 and 1.
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2.2.4. Histological Evaluation. All target IVDs collected were
fixed in 10% formalin and embedded in paraffin. Then, 5μm
serial sections were prepared from the midsagittal region.
Hematoxylin and eosin (H&E), Safranin-O Fast green, and
alcian blue staining were used to identify histological changes
in the IVDs and assessed using a previously described grad-
ing scale [33], providing scores from 5 to 15 points, repre-
senting IVDs that were normal to severely degenerated [33].

2.2.5. Biochemical Analysis. The collected Co8-9 discs were
digested by papain at 65°C for 1 hour then centrifuged for
10min. GSH concentration was then measured using a gluta-
thione assay kit, in accordance with standard experimental
procedures. A lipid peroxidation MDA assay kit was used
to calculate MDA concentration. SOD2 levels were measured
using an ELISA, in accordance with standard protocols.

2.2.6. Western Blotting. Expression levels of JAK2, p-JAK2,
STAT3, and p-STAT3 in the discs were tested using routine
Western blotting analysis. After blocking in 5% nonfat milk,
the membranes were incubated with the following anti-rat
primary antibodies at 4°C overnight: JAK2 (1 : 1000), p-
JAK2 (1 : 1000), STAT3 (1 : 1000), p-STAT3 (1 : 1000), and
GAPDH (1 : 2000), after which they were incubated with an
HRP-conjugated secondary antibody at 37°C for one hour.
Finally, the relative optical densities of all bands were normal-
ized to GAPDH.

2.3. In Vitro Study

2.3.1. NPC Isolation and Culture. Normal IVDs were
obtained from rat tails and cut into small pieces. Firstly, the
coccygeal spinal columns (Co6-Co10) of rats were separated
and the NP of each disc collected under aseptic conditions.
NPCs were obtained using a dissecting microscope in accor-
dance with methods reported previously [36]. The NPCs
were then cultured in DMEM/F12 medium supplemented
with 10% FBS and 1% penicillin/streptomycin in a conven-
tional culture environment. After cell cultures were conflu-
ent, the NPCs were subcultured and cells from the second
passage were used in the in vitro studies. All protocols were
conducted in accordance with the relevant guidelines of the
Ethics Committee.

2.3.2. Cell Treatment. As previously described, H2O2
(100μM) was used to induce oxidative damage [37].
Untreated NPCs were used as controls. An MTT assay was
performed using different concentrations of SAB (0.001,
0.01, 0.1, 1, 10, and 100 nM) to determine the concentration
most appropriate for use in the following experiments, as
previously described [38]. To evaluate the effects of SAB on
apoptosis, proliferation, and oxidative stress, NPCs were ran-
domized into three groups: control, H2O2, and SAB+H2O2
groups (1 nM SAB for 24 h, then 100μM H2O2 for 24 h).
To determine the signaling pathway targeted by SAB, the
NPCs were divided into four groups: control, H2O2, SAB
+H2O2, and AG490+SAB+H2O2 (1nM SAB for 24h, 40μM
AG490 for 24h, and then 100μM H2O2 for 24h).

2.3.3. Identification of NPCs. Immunocytochemistry and
immunofluorescence were used to identify the NPCs
obtained from IVD tissue. NPCs were fixed in 4% parafor-
maldehyde for 20min at 37°C, permeabilized in 0.2% Triton
X-100, and blocked using goat serum. The NPCs were incu-
bated with primary antibodies against collagen II and cyto-
keratin 19 at 4°C overnight. The NPCs were then incubated
with an HRP-conjugated (for immunocytochemistry) or
fluorescein isothiocyanate- (FITC-) labeled (for immunoflu-
orescence) secondary antibody. Images were acquired using
light or fluorescence microscopy.

2.3.4. Intracellular ROS Measurement. Briefly, after the treat-
ment appropriate for their grouping, NPCs were incubated
with DCFH-DA for half an hour then washed three times.
ROS concentration of the NPCs was determined using a
ROS assay kit in accordance with the manufacturer’s instruc-
tions. Finally, ROS concentration, presented as relative fluo-
rescence units (RFU), was calculated from fluorescence
intensity at wavelengths of 490/585 nm.

2.3.5. Measurement of GSH, SOD2, and MDA. Intracellular
levels of GSH, SOD2, and MDA, which reflect oxidation
state, were measured using the corresponding assay kit
(Beyotime Biotechnology Co. Ltd., Shanghai, China) in
accordance with the manufacturer’s instructions. The NPCs
were first digested with 0.25% trypsin and centrifuged for
15 minutes at 4°C at 900 g. The sample supernatants and
standards were prepared in cuvettes, and the OD values at
530 nm were recorded. GSH, SOD2, and MDA concentra-
tions were obtained by reference to the standard curve. The
data are presented as means ± SD of three replicate
experiments.

2.3.6. Flow Cytometry. The rate of apoptosis of NPCs was
determined using a classic Annexin V-FITC/PI staining kit.
Briefly, NPCs were collected and washed with PBS three
times. NPCs were then resuspended and incubated with
Annexin V-FITC and propidium iodide (PI) at 37°C in a dark
room for 20 minutes. Finally, cell apoptosis was determined
using a flow cytometer (BD Co., USA). Cells staining positive
for Annexin V and negative for PI were considered apoptotic
NPCs.

2.3.7. Western Blotting. The expression levels of Bcl-2, Bax,
cleaved caspase-3, JAK2, p-JAK2, STAT3, and p-STAT3 in
NPCs were measured using Western blotting, as described
in the protocol above (Section 2.2.6). All primary antibodies
were diluted 1 : 1000. Relative expression levels were normal-
ized to GAPDH.

2.3.8. Measurement of Caspase-3 Activity. Caspase-3 activity
was evaluated using an activity assay kit in accordance with
standard protocols. Briefly, NPCs in culture medium were
collected, lysed in RIPA lysis buffer, and then mixed with
the appropriate reaction reagents at room temperature. Opti-
cal density (OD) was measured at a wavelength of 405 nm,
and caspase-3 activity was calculated by reference to a stan-
dard curve then normalized to total protein concentration.
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2.3.9. NPC Proliferation Assay. Cell proliferation in different
groups was measured by staining with the thymidine analog
5-ethynyl-2deoxyuridine (EdU). Briefly, NPCs (1 × 106) were
seeded in each well of 6-well plates then treated with EdU
(10μM) conjugated with Alexa-Fluor 594 (Alexa-594, Invi-
trogen) at 37°C in a dark room for 30 minutes. Cells were
then counterstained with DAPI then mounted. Images were
acquired using a Leica fluorescence microscope. The ratio
of EdU-positive cells/total cells was obtained, and the rate
of cell proliferation in the different groups compared.

2.4. Statistical Analyses. All data are presented asmeans ± SD.
One-way analysis of variance (ANOVA) was used to compare
multiple groups after verification of normality with post hoc
comparisons using a least-squares difference (LSD) method.
Statistical analyses were performed using the SPSS v20 statisti-
cal software (SPSS Inc., Chicago, IL, USA). P values <0.05 were
considered statistically significant.

3. Results

3.1. SAB Attenuates Injury-Induced IDD and Oxidative Stress
and Activates the JAK2/STAT3 Signaling Pathway In Vivo.
T2-weighted signal intensities of the MRI examination of
Co8-9 IVDs were markedly lower in the IDD group than that
of the control group after both 3 and 6 weeks. However, treat-
ment with SAB in the SAB IDD group clearly reversed this
decrease (Figures 1(a) and 1(b)). Histological staining indi-
cated that the IVD in the control group had a normal struc-
ture but the border between the annulus fibrosus (AF) and
nucleus pulposus (NP) in the IDD group was clearly dis-
rupted. NPCs had become separated by an extracellular pro-
teoglycan matrix, and the NP had almost disappeared. The
AF became disorganized due to inward bulging of the inner
annulus. However, SAB significantly reduced the injury
induced by IDD and partially reestablished the structure of
the IVD (Figures 1(c) and 1(d)).

Figures 2(a) and 2(b) demonstrate that GSH and SOD2
levels in the IVD of the IDD group decreased markedly com-
pared with the control group, and SAB medication signifi-
cantly reversed this change. Figure 2(c) shows that SAB
treatment significantly decreased the levels of MDA that
had been induced by disc injury in the IDD group. Western
blotting demonstrated that the phosphorylation levels of
JAK2 and STAT3 in the IDD group were significantly lower
than in the control group. However, SAB clearly upregulated
the expression levels of p-JAK2 and p-STAT3 in rats in the
IDD group (Figures 2(d)–2(f)). These results suggest that
SAB inhibits disc degeneration and oxidative stress in vivo,
probably via the JAK2/STAT3 signaling pathway.

3.2. Viability Assays for SAB-Treated NPCs and Cell
Identification.MTT assays were used to investigate the viabil-
ity of NPCs incubated with different concentrations of SAB
(0.001, 0.01, 0.1, 1, 10, and 100nM). The data indicate that
cell viability in the 0.1, 1, and 10nM groups was clearly
greater than other concentrations, 1 nM being the most sig-
nificant (Figure 3(a)). Thus, 1 nM SAB was selected for sub-
sequent experiments.

Normal NPCs exhibited an appearance similar to chon-
drocytes under phase-contrast microscopy (Figure 3(b)).
Immunocytochemical staining indicated that collagen II
was expressed within the cytoplasm (Figure 3(c)) while
immunofluorescence demonstrated the expression of the
molecular marker cytokeratin 19 in the NPCs (Figure 3(d)).

3.3. SAB Inhibits H2O2-Induced Oxidative Stress and
Apoptosis In Vitro. ROS, GSH, SOD2, and MDA levels were
assessed to reflect the degree of oxidative stress.
Figures 4(a)–4(d) demonstrate that in the H2O2 group,
ROS and MDA levels were clearly less, and GSH and SOD2
levels significantly higher than those of the control group.
In the SAB group, however, ROS, GSH, SOD2, and MDA
levels were restored, indicating that SAB was able to inhibit
the antioxidant system in vitro.

Apoptosis of NPCs was evaluated by flow cytometry,
Western blotting, and ELISA. The flow cytometry results
indicate that NPC apoptosis in the H2O2 group was signifi-
cantly higher than in the control group, an increase that
was reversed by SAB (Figures 4(e) and 4(f)). Similar changes
were also observed by Western blot analysis, where the ratio
of Bcl-2/Bax increased and cleaved caspase-3 decreased in
the SAB H2O2 group (Figures 4(g)–4(j)). Therefore, we pro-
pose that SAB inhibited H2O2-induced NPC apoptosis.

3.4. SAB Promotes NPC Proliferation and Activates the
JAK2/STAT3 Signaling Pathway In Vitro. The EdU assay
demonstrated that SAB clearly increased the proliferation
of NPCs that had been reduced by H2O2 (Figures 5(a) and
5(b)). Western blotting demonstrated that treatment with
SAB significantly increased the expression levels of p-JAK2
and p-STAT3, which were markedly lower in the H2O2 group
(Figures 5(c)–5(e)). These data indicate that SAB was able to
inhibit H2O2-induced oxidative stress and apoptosis, pro-
mote cell proliferation, and activate the JAK2/STAT3 path-
way in vitro.

3.5. SAB Inhibits H2O2-Induced Disc Degeneration via the
JAK2/STAT3 Signaling Pathway. To investigate whether
SAB influences oxidative stress, apoptosis, and proliferation
of NPCs through the JAK2/STAT3 signaling pathway, the
JAK2 antagonist AG490 was utilized. The data indicate that
SAB inhibited H2O2-induced oxidative stress and apoptosis
in NPCs. However, this inhibitory behavior was markedly
neutralized by the addition of AG490 (Figures 6(a)–6(c)).
In addition, treatment with SAB also rescued changes in
expression levels of Bcl-2, Bax, and cleaved caspase-3, and
this alteration was abrogated by AG490 (Figures 6(d)–6(f)).
Similarly, SAB increased H2O2-reduced cell proliferation,
and this effect was also abrogated by AG490 (Figures 6(g)
and 6(h)). Taken together, we conclude that SAB inhibits disc
degeneration via the JAK2/STAT3 signaling pathway
(Figure 7).

4. Discussion

In the present study, we investigated the effects of SAB on
IDD. The results demonstrate that SAB reduced IVD degen-
eration in vivo, inhibited oxidative stress and apoptosis of
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NPCs, and promoted cell proliferation in an in vitromodel of
IDD. Further mechanistic investigation indicated that the
JAK2/STAT3 signaling pathway was involved in the influ-
ence of SAB on IDD. The results demonstrate that SAB
may represent a potential treatment for degenerative disc
disease.

Disc degeneration is an important cause of lower back
pain and disability [2]. Few effective therapies are available
to ease or reverse the course of IDD. Therefore, the present
study explored a strategy to prevent the progression of
IDD. SAB, a natural polyphenolic ingredient rich in Dan-
shen, has multiple pharmacological properties, such as being
an antioxidant and anti-inflammatory agent [39, 40]. It has
recently been reported that SAB combined with mesenchy-
mal stem cells is able to repair degenerated IVDs more effec-
tively than stem cells alone [41]. However, whether SAB can
inhibit the progression of IDD remains controversial. There-

fore, the present study first examined the influence of SAB on
injury-induced IDD in rats. The data indicate that needle
puncture resulted in decreased T2-weighted signal intensity
from the IVDs and altered disc morphology. Treatment with
SAB significantly attenuated injury-induced IDD and
restored changes to IVD structure.

It has previously been demonstrated that SAB can effec-
tively protect the heart from ischemia-reperfusion injury
[42]. SAB both increased and decreased cell viability,
depending on the concentration. It has been reported that
SAB promotes cell growth and inhibits the dedifferentiation
of articular chondrocytes [43]. According to the MTT assay
results, a SAB concentration of 1 nM most effectively pro-
moted NPC viability. Similar results were also observed in
previous studies involving different cell types [42]. We, there-
fore, used SAB at a concentration of 1 nM for subsequent
in vitro experiments. Our findings demonstrate that H2O2
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Figure 1: SAB reversed the reduced T2-weighedMR signal intensity induced by injury to IVDs and rescued the consequent disc degeneration
in vivo. (a) MRI was used to detect changes in MR signal intensity of the Co8-9 discs in each group after 3 and 6 weeks. (b) Quantitative
analysis demonstrated that a significant decrease of T2 signal intensity was found in injured IVDs. This decrease could be both reversed
by treatment with SAB. (c) H&E staining displayed representative histopathological changes to IVDs in each group. IVDs in the control
group exhibited a normal structure. In the IDD group, the border between the AF and NP was clearly disrupted, the NPCs becoming
separated by extracellular proteoglycan matrix and the NP having almost disappeared. In the SAB IDD group, the characteristics of
degeneration were largely reversed by treatment with SAB. (d) Induction of IDD resulted in significantly higher histological scores
compared with the control group. SAB treatment significantly reduced the increased histological score. ∗P < 0:05 compared with the
control group; #P < 0:05 compared with the IDD group. SAB: salvianolic acid B; IDD: intervertebral disc degeneration; IVD: intervertebral
disc; NP: nucleus pulposus; AF: annulus fibrosus; H&E: hematoxylin and eosin; S-O: Safranin-O Fast green; AB: alcian blue.
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Figure 2: SAB reversed the effects on the antioxidant system induced by puncture injury in vivo that activated the JAK2/STAT3 signaling
pathway. Animals were divided into three groups: control group, IDD group, or SAB group. Concentrations of (a) GSH, (b) SOD2, (c)
and MDA were measured by assay kits. (d) Expression levels of phosphorylated and total JAK2 and STAT3 in IVDs were measured by
Western blotting, and the relative ratios of (e) p-JAK2/JAK2 and (d) p-STAT3/STAT3 were calculated from gray-level values. ∗P < 0:05
compared with the control group; #P < 0:05 compared with the IDD group. SAB: salvianolic acid B; GSH: glutathione; SOD2: superoxide
dismutase 2; MDA: malondialdehyde; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; JAK2: Janus kinase 2; STAT3: signal
transducer and activator of transcription 3.
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Figure 3: Cell viability in NPCs treated with SAB and identification of NPCs. (a) MTT assay of NPCs treated with different concentrations of
SAB. (b) Morphology of NPCs by phase-contrast microscopy. (c) Immunocytochemistry showing the expression of collagen II in NPCs. (d)
Immunofluorescence demonstrating the expression of cytokeratin 19 in NPCs. Scale bars = 50 μm. ∗P < 0:05 compared with the control
group. SAB: salvianolic acid B; NPCs: nucleus pulposus cells.

6 Oxidative Medicine and Cellular Longevity



significantly inhibited the proliferation of NPCs while treat-
ment with SAB clearly rescued that reduction in cell prolifer-
ation. This indicates that SAB can attenuate disc
degeneration, at least partly through the promotion of NPC
proliferation.

Oxidative stress has been reported to play a critical role in
a number of physiological and pathological processes, acti-
vating a variety of signaling pathways, resulting in cell apo-
ptosis or hyperplasia [44]. Oxidative stress that induces
excessive ROS production can injure DNA and cells, while
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Figure 4: SAB attenuated H2O2-induced oxidative stress and apoptosis of NPCs in vitro. (a) H2O2-induced production of ROS was decreased
by treatment with SAB. (b–d) Increased oxidative stress (decreased GSH and SOD2, and increased MDA) in the H2O2 group was reversed by
SAB. (e, f) Flow cytometry assay demonstrated that SAB decreased H2O2-induced NPC apoptosis. (g–i) Western blotting showed an elevated
ratio of Bcl-2/Bax and decreased level of cleaved caspase-3 in the SAB group compared with the H2O2 group. (j) Increased caspase-3 activity
in the H2O2 group was inhibited by treatment with SAB. ∗P < 0:05 compared with the control group; #P < 0:05 compared with the H2O2
group. SAB: salvianolic acid B; ROS: reactive oxygen species; GSH: glutathione; SOD2: superoxide dismutase; MDA: malondialdehyde;
NPCs: nucleus pulposus cells; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; C-Cas3: cleaved caspase-3.
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ROS scavengers will inhibit the cell apoptosis resulting from
a variety of causes [45, 46]. Many previous studies suggest
that oxidative stress plays a crucial role in the pathology of
IDD [9, 10, 47], and oxidative stress-associated markers are
significantly increased in degenerated human IVDs [15–
17]. Cell apoptosis and injury can be markedly inhibited by
antioxidants via radical-scavenging mechanisms [48]. Fur-
ther studies have shown that the antioxidant capacity and
scavenging activity of SAB were both greater than vitamin
C [49]. The quantity of ROS production in microglial cells
induced by lipopolysaccharide (LPS) was shown to be inhib-

ited by SAB in a dose-dependent manner [50], suggesting
that SAB is able to prevent oxidative stress. Our data demon-
strate that the antioxidant system was weakened by injury or
H2O2, while the situation could be rescued by treatment with
SAB both in vivo and in vitro. The results of the present study
were also consistent with other previous reports [51, 52].
Thus, SAB provides a protective effect against oxidative stress
by regulating the antioxidant system.

It was demonstrated many years ago that apoptosis par-
ticipates in IDD, large numbers of IVD cells undergoing pro-
grammed cell death [53]. Excessive apoptosis of NPCs
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Figure 5: SAB promoted proliferation of NPCs reduced by H2O2in vitro via activation of the JAK2/STAT3 signaling pathway. (a, b) EdU
assay showed that H2O2-induced downregulation of NPC proliferation was reversed by treatment with SAB. (c) JAK2 and p-JAK2 and
STAT3 and p-STAT3 were investigated by Western blotting. Expression levels of (d) p-JAK2/JAK2 and (e) p-STAT3/STAT3 increased by
SAB in H2O2-injured NPCs. Scale bars = 100μm. ∗P < 0:05 compared with the control group; #P < 0:05 compared with the H2O2 group.
SAB: salvianolic acid B; NPCs: nucleus pulposus cells; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; JAK2: Janus kinase 2; STAT3:
signal transducer and activator of transcription 3.
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Figure 6: Continued.
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reflects evident cellular and biochemical changes which occur
during IDD [54, 55]. It has been reported in previous studies
that external stimuli result in oxidative damage and increased
apoptosis of NPCs [56–58]. H2O2 is commonly used to
induce cell injury in in vitro experiments [59]. Therefore,
we induced oxidative damage using H2O2 and investigated
whether SAB can influence the apoptosis induced in NPCs
by oxidative stress. In the present study, oxidative damage

induced by 100μM H2O2 resulted in significantly increased
cell apoptosis. Notably, SAB treatment suppressed H2O2-
induced NPC apoptosis, promoted Bcl-2 expression, and
inhibited the expression of Bax, thus rescuing the Bcl-2/Bax
protein ratio in the SAB+H2O2 group. Additionally, in vitro
cleaved caspase-3 protein expression and caspase-3 activity
were decreased substantially by SAB. This suggests that
SAB has the potential to treat IDD by preventing NPC
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Figure 6: SAB reduced H2O2-induced ROS production, ameliorated H2O2-induced NPC apoptosis, and promoted H2O2-reduced
proliferation of NPCs via the JAK2/STAT3 pathway. (a) Inhibitory effects of SAB on H2O2-induced ROS production were abrogated by
AG490. (b, c) Flow cytometry demonstrated that the inhibitory effects of SAB on H2O2-induced NPCs apoptosis were abrogated by
AG490. (d) Apoptosis-associated proteins assessed by Western blotting. Effects of SAB on H2O2-induced (e) Bcl-2/Bax and (f) cleaved
caspase-3 were abrogated by AG490. (g, h) EdU assay demonstrated that the effects of SAB on NPC proliferation were downregulated by
AG490 treatment. Scale bars = 100μm. ∗P < 0:05 compared with the control group; #P < 0:05 compared with the H2O2 group;

&P < 0:05
compared with the SAB+H2O2 group. SAB: salvianolic acid B; NPCs: nucleus pulposus cells; ROS: reactive oxygen species; C-Cas3:
cleaved caspase-3; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

SAB

JAK2

Bcl-2

Proliferation Apoptosis

STAT3

Bax

Re
ce

pt
or

ROS

GSH SOD

p

p

AG
490

Figure 7: Model of involvement of SAB in enhancing proliferation and attenuating oxidative stress and apoptosis through activation of the
JAK2/STAT3 signaling pathway. SAB: salvianolic acid B; ROS: reactive oxygen species; JAK2: Janus kinase 2; STAT3: signal transducer and
activator of transcription 3; GSH: glutathione; SOD2: superoxide dismutase.
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apoptosis in conditions of oxidative stress. A previous
study reported that SAB protected against dopamine-
induced apoptosis in SH-SY5Y cells [60]. This protective
effect of SAB appears to be due to its antioxidative poten-
tial. Additionally, another study demonstrated the protec-
tive effect of SAB against ox-LDL-induced HUVEC
injury and apoptosis [61]. Finally, it was demonstrated
that SAB protected vascular endothelial cells against oxida-
tive stress-induced injury [28]. These findings further sup-
port the present observations.

Based on the previous findings, the underlying molecular
mechanism and pathways of the IDD-attenuating properties
of SAB were further explored. In the present study, the
expression levels of p-JAK2 and p-STAT3 proteins in the
SAB group were higher than those in the corresponding
model group. However, after the addition of AG490, the p-
JAK2 and p-STAT3 protein levels were clearly reduced.
These findings demonstrate that the JAK2/STAT3 pathway
can be activated by SAB, and treatment with the JAK2 antag-
onist AG490 significantly abrogated inhibition of apoptosis
and promotion of proliferation by SAB. According to Liu
et al. [62], SAB is able to maintain stem cell pluripotency
via the JAK2/STAT3 signaling pathway. Liu et al. demon-
strated that articular cartilage degeneration in osteoarthritis
can be rescued by treatment with Danshen (that contains
SAB), both in vivo and in vitro via activation of the JAK2/-
STAT3 pathway [62]. Furthermore, SMND-309, a novel
derivative of SAB, has been shown to protect rat brains from
ischemia and reperfusion damage via the JAK2/STAT3 sig-
naling pathway. However, it should also be noted that the
JAK2/STAT3 signaling pathway is probably not the only sig-
naling pathway by which SAB attenuates IDD. It has previ-
ously been shown that SAB maintained stem cell
pluripotency and promoted cell proliferation via activation
of the JAK2/STAT3 pathway, in addition to the epidermal
growth factor receptor-(EGFR-) extracellular signal-
regulated kinase 1/2 (ERK1/2) pathways [62]. However, fur-
ther evidence is required. The JAK2-STAT3 signaling path-
way consists of three main components, namely, tyrosine
kinase associated receptor (TKAR), JAK2, and STAT3. The
receptors of multiple cytokines such as interleukins, growth
hormones, epidermal growth factor, platelet-derived growth
factor, and interferon are present on cell membranes. The
binding of such a ligand to its corresponding receptor can
activate JAK2, STAT3, and other target proteins that initiate
the transcription of target genes representing the transmis-
sion of a biological signal from the extracellular environment
to the intracellular biochemical systems. As a water-soluble
substance, we speculate that SAB may also initiate a signaling
cascade to achieve its multiple biological functions through
combining with the cell membrane receptor, TKAR. How-
ever, reports of such aspects have not so far been found.
Therefore, we will focus on the SAB receptor and its target
genes in subsequent experiments to fully elucidate the com-
plete signaling pathway. Together with the aforementioned
findings, the present study demonstrates that SAB attenuates
NPC apoptosis induced by oxidative damage and promotes
cell proliferation via regulation of the JAK2/STAT3 signaling
pathway.

However, there remain some limitations to the study.
Firstly, we recognize that the protective effects of SAB on
IDD require additional confirmation, especially in high-
level animals or even humans before it can be used clinically.
Secondly, the optimal therapeutic dose requires additional
study, if possible. Thirdly, to further illustrate the molecular
mechanism by which SAB inhibits IDD, additional research
is required.

In conclusion, the results of the research suggest that SAB
can reduce IVD degeneration in vivo, inhibit oxidative stress
and apoptosis of NPCs, and promote cell proliferation in an
IDD model in vitro. Additional study indicated that activa-
tion of the JAK2/STAT3 pathway is involved in the pathol-
ogy of IDD. Taken together, it can be concluded that SAB
ameliorates IDD by activating the JAK2/STAT3 signaling
pathway. The results suggest that SAB may represent a
potential treatment for disc degeneration.
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Mechanical stimulation plays a crucial part in the development of intervertebral disc degeneration (IDD). Extracellular matrix
(ECM) stiffness, which is a crucial mechanical microenvironment of the nucleus pulposus (NP) tissue, contributes to the
pathogenesis of IDD. The mechanosensitive ion channel Piezo1 mediates mechanical transduction. This study purposed to
investigate the function of Piezo1 in human NP cells under ECM stiffness. The expression of Piezo1 and the ECM elasticity
modulus increased in degenerative NP tissues. Stiff ECM activated the Piezo1 channel and increased intracellular Ca2+ levels.
Moreover, the activation of Piezo1 increased intracellular reactive oxygen species (ROS) levels and the expression of GRP78 and
CHOP, which contribute to oxidative stress and endoplasmic reticulum (ER) stress. Furthermore, stiff ECM aggravated
oxidative stress-induced senescence and apoptosis in human NP cells. Piezo1 inhibition alleviated oxidative stress-induced
senescence and apoptosis, caused by the increase in ECM stiffness. Finally, Piezo1 silencing ameliorated IDD in an in vivo rat
model and decreased the elasticity modulus of rat NP tissues. In conclusion, we identified the mechanosensitive ion channel
Piezo1 in human NP cells as a mechanical transduction mediator for stiff ECM stimulation. Our results provide novel insights
into the mechanism of mechanical transduction in NP cells, with potential for treating IDD.

1. Introduction

Low back pain (LBP) caused by the intervertebral disc (IVD)
degeneration (IDD) significantly influences the living quality
in patients and causes a large financial burden. Weight-
bearing and repeated bending are high-risk factors for IDD
[1]. During repeated mechanical stimulation, the excessive
mechanical load on nucleus pulposus (NP) cells, as keys to
the development of degenerative disc diseases, exacerbates
IDD progression [2, 3]. However, until recently, detailed
pathogenesis and effective treatment of disc degeneration
after excessive mechanical load are still not fully elucidated.

Mechanical loading is not only the physiological function
of human NP tissues but also an important characteristic of
the NP tissue mechanical microenvironment. Pressure and

extracellular matrix (ECM) stiffness are the main mechanical
microenvironment in the NP tissue. With changes in the
body position and weight bearing, the pressure in the NP
tissue can fluctuate greatly, which influences the balance of
the mechanical microenvironment of the NP tissue [1].
Compression stress can result in the accelerated functional
transition of NP cells and ECM remodeling during the
progression of IVD [4].

Among mechanical stimulations, matrix stiffness can
profoundly control cell behavior, including proliferation,
apoptosis, and differentiation [5–7]. The mechanical proper-
ties of ECM in the NP tissue are closely related to IDD, and
ECM stiffness increases with increasing age and grade of
the degeneration [8]. Matrix stiffness is closely related to
NP cell shape, which is crucial in the NP cell phenotype,
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and ECM stiffness (0.3 kPa) can regulate the inhibition of F-
actin polymerization, cell shape, clustered morphology, and
subsequent transcriptional inactivation, which is involved
in maintaining the healthy NP cell phenotype [9]. Moreover,
substrate stiffness can regulate growth, apoptosis, and ECM
metabolism of the annulus fibrosus cells [7]. Although the
imbalance of the mechanical microenvironment caused by
ECM stiffness is the principal factor that accelerates IDD,
the detailed mechanisms of mechanical transductions, which
respond to the conversion of mechanical signals into chemi-
cal signals, remain unclear.

Previous studies have confirmed that oxidative stress can
result in increased concentrations of reactive oxygen species
(ROS) and lead to IDD [10, 11]. The increase of ROS has
close related to cell senescence and apoptosis. Oxidative
stress-induced senescence and apoptosis have been identified
as major risk factors of IDD [12–15]. Mechanical compres-
sion can increase ROS generation and aggravate NP cell
senescence [3]. However, the mechanosignaling pathways
underlying mechanical transductions remain elusive.

The mechanosensitive Piezo1 channel is a Ca2+ ion chan-
nel that responds to mechanical stimulations [16–18]. Piezo1
mediates mechanical transduction in basic life functions,
such as vascular development, blood pressure regulation,
bone formation, and innate immunity [19–22]. Piezo1 can
sense shear stress, mediate neuronal sensing of blood pres-
sure, and play a crucial role in maintaining blood pressure
homeostasis [19]. Piezo1 is required for bone formation
and can sense and respond to changes in fluid shear stress
and microgravity and alter bone formation by affecting bone
mass and strength [21, 23]. Moreover, inhibiting Piezo1
allows oligodendrocyte progenitor cells to maintain the activ-
ity in stiff tissues caused by aging [24]. In NP cells, Piezo1 can
sense abnormal mechanical stretch stress and is involved in
regulating NLRP3 inflammasome assembly and NP cell apo-
ptosis [25, 26]. Thus, Piezo1 may play important roles in
IDD. The potential roles of Piezo1 activated by stiff ECM
and the mechanism of mechanical transduction require
further study.

In the present study, we aimed to observe the effect of
IDD on ECM stiffness of NP tissues and expression of Piezo1
and provide novel insights into the underlying mechanism of
mechanical transduction in NP cell for treating IDD.

2. Material and Methods

2.1. Patient Tissue Samples.LumbarNP samples were obtained
from 18 patients (ten men and eight women; age range: 21–65
years) with lumbar disc herniation and ten patients (four men
and six women; age range: 15–25 years) with idiopathic
scoliosis. The study protocol was approved by the Ethics
Committee of Tongji Medical College, Huazhong University
of Science and Technology (no. S214). Written informed
consent was obtained from all patients.

2.2. ECM Stiffness. The degree of IDD was estimated before
spinal surgery by three experienced spine surgeons using
the Pfirrmann magnetic resonance imaging (MRI) grade sys-
tem (grades I–V) [27]. NP specimens were collected from 18

patients with lumbar disc herniation (grades II–III, 11
patients; grades IV–V, seven patients) and ten patients with
idiopathic scoliosis (grade I, six patients; grades II–III, four
patients). An atomic force microscope (AFM) (INNOVA,
Bruker Nano, Inc, USA) was used to test ECM stiffness of
one 20μm-thick slice at the center of the human or rat disc.
The elastic modulus was calculated as described in previous
studies [28, 29].

2.3. Isolation and Culture of NP Cells. Three lumbar NP spec-
imens from patients with idiopathic scoliosis were used for
NP cell isolation, as described in a previous study [11]. NP
cells were plated and cultured at 37°C and 5% CO2 in Dulbec-
co’s Modified Eagle’s Medium/F12 (Gibco, Grand Island,
NY, USA) containing 15% fetal bovine serum (Gibco) and
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA). The passage cells were seeded into hydrogels bound
to polystyrene plates (Matrigen, Brea, CA) with different
stiffnesses (soft:1 kPa, stiff: 25 kPa) for subsequent experi-
ments. The culture medium was changed every three days.

2.4. Immunohistochemistry.HumanNP specimens were fixed
with formaldehyde, embedded in paraffin, and sliced into
4μmsections. Subsequently, the sections were incubated with
the antibody against Piezo1 (No. NBP1-78537, Novus, Little-
ton, CO,USA). TheDakoREAL™En-Vision™Detection Sys-
tem, Peroxidase/DAB+, Rabbit/Mouse (Dako Cytomation,
Glostrup, Denmark), was used to stain the sections according
to the manufacturer’s instructions. The sections were imaged
and analyzed via microscopy (Olympus, Tokyo, Japan).

2.5. Quantitative Reverse Transcription PCR (qRT-PCR).
Total RNA from human NP cells in different groups was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). qRT-PCR was performed according to the manufac-
turer’s instructions. PrimeScript™ 1st RTMasterMix (TaKaRa
Biotechnology, Otsu, Japan) was used to synthesize cDNA
from total RNA. qRT-PCRwas performed using SYBR Prime-
Script RT-PCR Kit (TaKaRa Biotechnology, Otsu, Japan) on
the CFX connect™ Real-time system (Bio-Rad, USA). The
primers of Piezo1 used for qRT-PCR were forward, 5′-ACTT
TCTGGTGACCCTGCAC-3′, reverse, 5′-GGCAGGTACAG
CCACTTGAT-3′. The relative RNA expression levels were
normalized to GAPDH (forward, 5′-TCAAGAAGGTGGTG
AAGCAGG-3′, reverse, 5′-TCAAAGGTGGAGGAGTGGG
T-3′). The test was performed in triple replication. The relative
Piezo1 expression level was analyzed using the 2−ΔΔCt method.

2.6. Western Blotting Analysis. Total protein was extracted
from human NP cells using radioimmunoprecipitation assay
(RIPA) (Beyotime, Shanghai, China) buffer with 1mmol/L
phenylmethanesulfonyl fluoride (PMSF), and total protein
concentrations were measured using BCA protein assay kit
(Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. The proteins were denatured by heat
and stored at -80°C if necessary. Proteins (30μg) from each
sample were separated using surePAGE™ prefabricated gels
(4-20%, Genscript, Nanjing, China) and transferred onto
polyvinylidene fluoride (PVDF) membrane (Bio-Rad,
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Hercules, CA, USA). The membranes were blocked with 5%
skimmed milk in Tris-HCl buffer saline containing 0.1%
Tween-20 (TBST) and incubated overnight at 4°C with pri-
mary antibodies, including Piezo1 (No. NBP1-78537,
Novus), GRP78 (No. 11587-1-AP, Proteintech, IL, USA),
C/EBP homologous protein (CHOP) (No. 15204-1-AP,
Proteintech), cleaved caspase-3 (No. 9664; Cell Signaling
Technology, Danvers, MA, USA), Bax (No. 50599-2-Ig,
Proteintech), Bcl-2 (No. 12789-1-AP, Proteintech), p53
(No. ab26, Abcam, Cambridge, UK), and p16 (No.ab51243,
Abcam), and GAPDH (No. 10494-1-AP, Proteintech) was
used as the internal reference protein. After incubation with
appropriate HRP-conjugated anti-rabbit or anti-mouse sec-
ondary antibodies (Proteintech) (room temperature, 1 h),
the protein bands were visualized using an enhanced chemi-
luminescence reagents (Thermo Fisher Scientific, Waltham,
MA, USA) and detected using the ChemiDoc-It 610 imaging
system (UVP, upland, CA, USA).

2.7. RNA Interference. Piezo1 silencing was achieved via
Piezo1-targeting siRNA (Piezo1: stB0009164A) and the cor-
responding negative controls (RiboBio, Guangzhou, China).
Cell transfections were performed using Lipofectamine
2000 (Invitrogen), according to the manufacturer’s protocol.

2.8. Determining Calcium Levels. Intracellular Ca2+ levels
were detected using the specific Ca2+-sensitive fluorescent
indicator Fura-4-AM (MedChemExpress, Monmouth Junc-
tion, NJ, USA) according to the manufacturer’s instructions.
Briefly, after the cells were cultured and treated with stimula-
tion or corresponding reagent, NP cells were incubated with
5μMFura-4-AM for 30min at 37°C in the dark, and intracel-
lular Ca2+ levels were calculated by analyzing fluorescence
images collected via fluorescence microscopy (Olympus).

2.9. Flow Cytometry. The apoptosis rate in human NP cells
was assessed using an Annexin V-FITC/PI Apoptosis Detec-
tion Kit (Yeasen Biotech, Shanghai, China) following the
manufacturer’s protocols. Fluorescence emission peaks were
analyzed using a flow cytometer (BD FACSCalibur; BD
Biosciences, San Jose, USA).

2.10. ROS Measurement. Intracellular total ROS levels were
measured using 2′,7′-dichlorofluorescin diacetate (DCFH-
DA, S0033; Beyotime, Shanghai, China) according to theman-
ufacturer’s instructions. Subsequently, fluorescence emission
peaks were detected using BD FACSCalibur (BD Biosciences).

2.11. Senescence-Associated β-Galactosidase (SA-β-Gal)
Staining. SA-β-gal staining was performed using the SA-β-
gal staining kit (Beyotime, Shanghai, China) following the
manufacturer’s instructions. Briefly, human NP cells were
cultured in polystyrene plates with different stiffnesses (soft:
1 kPa, stiff: 25 kPa) for 24 h. Cells were washed with phos-
phate buffer saline (PBS) and fixed with 4% paraformalde-
hyde (15min, room temperature), then incubated with
fresh SA-β-gal staining solution at 37°C overnight (no
CO2). The senescent NP cells with positive staining were
imaged using a light microscope (Olympus). Five fields at

least were selected for analyzation. The average percentage
of SA-β-Gal-positive cells was analyzed.

2.12. Immunofluorescence. Immunofluorescence staining was
implemented as described in a previous study [30]. Human
NP cells in different groups were rinsed with PBS, fixed with
4% paraformaldehyde, and incubated with a primary anti-
body against Piezo1 (1 : 50, Novos) overnight at 4°C. After
the cells were washed three times and incubated with a goat
anti-mouse antibody (1 : 100; Abcam), nuclei were stained
with DAPI (4,6-diamidino-2-phenylindole). The samples
were imaged using a fluorescence microscope (Olympus).

2.13. The Rat IDD Model. Sprague–Dawley rats (three
months old) were provided by the Laboratory Animal Center
of Huazhong University of Science and Technology (Wuhan,
China). All experimental protocols were approved by the
Animal Experimentation Committee of Huazhong Univer-
sity of Science and Technology (No. S2394). The surgical
procedure for constructing rat IDD models was previously
described [11, 31]. The rat disc levels Co6/7, Co7/8, and
Co8/9 were located, and the annulus fibrosus layer was punc-
tured using a needle (27G) parallel to the end plates, after
anesthesia with 2% (weight in volume) pentobarbital
(40mg/kg). Three groups, including Con+siNC, IDD+ siNC,
and IDD+ siPiezo1, were prepared to evaluate the effect of
Piezo1 on NP cells and IDD and the potential therapeutic
effect of siRNA transfection in vivo. Precisely, 2μl of the
siRNA solution was slowly injected into the target level,
and each needle was kept in the disc for 10 s. Free unre-
stricted weight bearing activity of all animals was permitted.

2.14. Magnetic Resonance Imaging. Magnetic resonance
imaging (MRI) of all rat tails was examined at 4 weeks after
surgery and treatment. The T2 weighted images were
obtained by using a BioSpec MRI (7.0 T/20 cm; Bruker,
Billerica, MA, USA). According to the images, the Pfirrmann
grades were used to evaluate the degenerative degree of the
rat tails [27]. Subsequent immunohistochemical staining
and histological assessment were performed on the discs after
the magnetic resonance examination.

2.15. Immunohistochemical Staining and Histological
Assessment in Animal Models. Rats were euthanized 4 weeks
postsurgery. Rat IDD specimens were harvested, fixed with
formaldehyde, decalcified, and embedded in paraffin. Subse-
quently, the specimens were sliced into 4μm sections. Then,
the sections were stained with hematoxylin and eosin (HE),
as well as Safranin-O (SO). The histopathological assessment
was performed as previously described [32]. In addition, the
immunohistochemical experiments were performed as
described in previous studies [33]. Subsequently, the sections
were incubated with primary antibodies against cleaved
caspase-3 (Cell Signaling Technology) and p16 (Abcam)
overnight at 4°C, and then the sections were incubated with
appropriate secondary antibodies and counterstained with
hematoxylin. The sections were imaged and analyzed via
the digital pathology section scanning system (S360,
Hamamatsu, Japan). The histologic grading scale includes
the morphology (the shape and the constitution) and
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cellularity (the rate of stellar shaped cells and the location of
proteoglycan matrix) of the NP tissue, the morphology (col-
lagen lamellae and fibers) and cellularity (the proportion of
fibroblasts and chondrocytes) of the anular fibrosus, and
continuity of the endplates. The histological score of 5 is
classified as normal intervertebral disc, 6 to 11 are classified
as moderate IDD, and 12 to 14 are classified as severe IDD.

2.16. Statistical Analysis. Data are presented as the mean ±
standard deviation (SD) of at least three independent experi-
ments. Statistical analyses were performed using GraphPad
Prism 8 software (La Jolla, CA, USA). The differences between
groups were determined by Student’s t-test or one-way
ANOVA. P < 0:05 was considered statistically significant.

3. Results

3.1. Piezo1 Was Upregulated and ECM Stiffness Increased in
Degenerative NP Tissues. The Piezo1 mRNA expression
increased significantly in human NP tissue specimens with
IDD contrasted to that in specimens with idiopathic scoliosis
(Figure 1(a)). In addition, immunohistochemistry indicated
that the percentage of Piezo1 positive cells increased in the
grade IV-V group (Figures 1(b) and 1(c)). Furthermore, the
elasticity modulus (~23 kPa) in the IDD group significantly
increased, and the elasticity modulus in the grade I group
was approximately 2 kPa (Figure 1(d)).

3.2. The Piezo1 Expression in NP Cells Was Upregulated in
Response to Stiff ECM. According to the elasticity modulus
measured in human NP tissues, NP cells were cultured in
polystyrene plates with different stiffnesses (soft: 1 kPa, stiff:
25 kPa) for 6, 12, 24, and 48h. The Piezo1 mRNA expression
was assessed using qRT-PCR. As shown in Figure 2(a), there
was a most significant difference in the Piezo1 expression
after 24 h of treatment. Furthermore, immunofluorescence
showed that the Piezo1 expression increased in stiff substrate
(Figure 2(b)). NP cells on the soft substrate showed a round
morphology, while elongated and spindle-shaped NP cells
were present on the stiff substrate (Figure 2(b)). Additionally,
western blotting, qRT-PCR, and corresponding qualifica-
tion revealed that stiff substrate significantly increased
the expression of Piezo1 at protein and mRNA levels
(Figures 2(c)–2(e)). Stiff substrate not only increased the
expression of Piezo1 but also activated the Piezo1 channel
and increased intracellular Ca2+ levels (Figure 2(f)).

3.3. Stiff ECM Triggered the Increase of ROS and the
Activation of Endoplasmic Reticulum Stress (ER) in Human
NP Cells. To investigate whether stiff ECM triggered an
increase in ROS and the activation of endoplasmic reticulum
stress in human NP cells, the ROS levels in human NP cells
were measured after treatment with different levels of stiff-
ness. As shown in Figures 2(g) and 2(h), stiff substrate signif-
icantly increased the ROS level. Western blotting and relative
quantitative analysis indicated that the protein levels of
GPR78 and CHOP were increased in the stiff substrate group
contrasted to those in the soft substrate group (Figures 2(i)
and 2(j)).

3.4. Piezo1 Knockdown Attenuated Stiff ECM-Induced
Increase in ROS and Activation of ER Stress. The effect of
Piezo1 on ROS levels and the activation of ER stress were
verified via Piezo1 knockdown using siRNA. As shown in
Figures 3(a) and 3(b), ROS levels increased in the stiff
substrate group, but decreased significantly after Piezo1 was
knocked down. These results showed that stiff substrates acti-
vated Piezo1 and exacerbated oxidative stress, and clarified
Piezo1 plays an important role in ECM stiff-induced oxida-
tive stress through Piezo1 silencing in humanNP cells. More-
over, human NP cells transfected with siPiezo1 were treated
with the stiff substrate. Western blotting and relative quan-
titative analysis indicated that GPR78 and CHOP expres-
sions increased in the stiff substrate group. However,
Piezo1 knockdown significantly decreased the expression
of GPR78 and CHOP, which indicated that treatment
with siPiezo1 attenuated stiff ECM-induced ER stress
(Figures 3(c) and 3(d)).

3.5. Piezo1 Knockdown Attenuated NP Cell Senescence and
Apoptosis Induced by Stiff ECM. The activation of oxidative
stress can aggravate senescence and apoptosis in human NP
cells. To investigate the effects of the stiff substrate, human
NP cells were cultured under the stimulation of stiff ECM
for 24h. The results demonstrated that the expression of
cleaved caspase-3, Bax, p53, and p16 increased, and that of
Bcl-2 decreased significantly in the stiff substrate group
(Figures 3(e) and 3(f)). As shown in Figures 3(i) and 3(j),
compared with that in the soft substrate group, the average
percentage of SA-β-Gal-positive cells increased in the stiff
substrate group. In addition, flow cytometry showed that stiff
substrate increased the apoptosis rate in human NP cells
(Figures 3(g) and 3(h)). These results indicated that stiff sub-
strates aggravated NP cell senescence and apoptosis. The
effect of Piezo1 on stiff ECM-induced NP cell senescence
and apoptosis was confirmed using siPiezo1. Pizeo1 knock-
down in NP cells on stiff substrates downregulated the
expression of cleaved caspase-3, Bax, p53, and p16 and
upregulated that of Bcl-2 (Figures 3(e) and 3(f)). The results
of SA-β-gal staining indicated that siPiezo1 significantly
decreased the average percentage of SA-β-gal-positive cells
(Figures 3(i) and 3(j)). Moreover, Piezo1 knockdown attenu-
ated stiff substrate-induced apoptosis, manifested by a
decrease in the apoptosis rate (Figures 3(g) and 3(h)).

3.6. siPiezo1 Partially Attenuated IDD Progression and
Decreased ECM Stiffness In Vivo. To investigate the potential
role of Piezo1 in IDD, IDD animal models were established
using a disc puncture procedure in Sprague–Dawley rats.
The representative T2 weighted MR images and Pfirrmann
grades showed that the degeneration degree in the IDD+
siNC group was severer than those in the Con+siNC group,
the T2 weighted signal intensity was stronger than that in
the IDD+ siNC group, and the Pfirrmann scores in the
IDD+siPiezo1 group were lower than those in the IDD+
siNC group (Figures 4(a) and 4(b)). As shown in Figure 4(c),
the NP tissue was oval-shaped and occupied a large volume
of the whole disc in the Con+siNC group, detected using HE
staining. In addition, high glycosaminoglycan content was
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confirmed in NP tissues as shown using SO staining in the
Con+siNC group (Figure 4(d)). HE staining indicated the
destruction of disc morphology, disruption of annulus fibrous,
increased tissue fibrillation, and lower glycosaminoglycan

content in the NP tissue in the IDD+siNC group
(Figures 4(c) and 4(d)). Conversely, siPiezo1 ameliorated the
changes in IDD compared to the IDD+siNC group, as clari-
fied by the moderate boundary of the nucleus pulposus and
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Figure 1: The Piezo1 expression and ECM stiffness in degenerative NP tissues. (a) The Piezo1 mRNA expression in human NP tissue
specimens with different Pfirrmann grades was determined by qRT-PCR. (b) Immunohistochemistry analysis of Piezo1 in human NP
tissue specimens with different Pfirrmann grades. (c) Piezo1-positive cells are presented as mean ± SD from three independent
experiments. (d) The elasticity modulus of human NP tissue specimens with different Pfirrmann grades were measured via atomic force
microscope (AFM) (∗∗∗P < 0:001, scale bar: 200μm).
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Figure 2: Continued.
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annulus fibrosus and the disc height, although there was still
a partial degenerative phenotype (Figures 4(c) and 4(d)).
Moreover, histologic scores increased in the IDD+ siNC
group, but significantly decreased in the IDD+ siPiezo1
group (Figure 4(e)). As shown in Figure 4(f), IDD increased
the ECM elasticity modulus of the rat NP tissue, compared
with that in the control group, and the ECM elasticity mod-
ulus in the IDD+ siPiezo1 group decreased in vivo as
expected. Moreover, immunohistochemical experiments of
cleaved caspase-3 and P16 indicated that IDD increased the
expression of apoptosis and senescence-related indicators
,and siPiezo1 attenuated NP cell apoptosis and senescence
in vivo (Figures 4(g) and 4(h)).

4. Discussion

Piezo1, a mechanosensitive ion channel, responds several
kinds of mechanical stimulations [21–24]. Extracellular
mechanical stimulations are able to active the open of the
Piezo1 channel and regulate the Ca2+ influx [16]. ECM stiff-
ness, as one of the mechanical stimulations, may be a crucial
regulator of NP cell phenotype, metabolism, and morphology
[34]. However, the function of Piezo1 in human NP cells
under the ECM stiffness stimulation is still unknown. In this
study, the expression and function of Piezo1 in IDD progres-
sion were investigated. We demonstrated that the expression
of Piezo1 and the ECM elasticity modulus increased in
degenerative NP tissues. In addition, the results showed that
Piezo1 activated due to matrix stiffness regulated oxidative
stress-induced senescence and apoptosis in human IDD.
Here, we identified the mechanosensitive ion channel Piezo1

in human NP cells as a mechanical transduction mediator for
stiff ECM stimulation (Figure 5).

Piezo1 can be activated by mechanical stretch stimulation
in NP cells, and the increase in intracellular Ca2+ levels
involved in the activation of NLRP3 inflammasome [25].
The expression of Piezo1 is also upregulated under the stim-
ulation of mechanical stretch stress or shear stress [23, 26].
Moreover, intracellular Ca2+ elevation disturbs intracellular
Ca2+ homeostasis, which is closely related to ER stress [35,
36]. The ER stress leads to subsequent cell apoptosis. In
chondrocytes, Piezo1, activated by mechanical stretch, plays
an important role in ER stress-induced apoptosis [37]. Exces-
sive ER stress can upregulate the expression of GRP78 and
CHOP as ER stress markers [36, 38]. Moreover, previous
studies have reported that excessive ROS can result in oxida-
tive stress [39]. Similar with previous study, the elasticity
modulus increased along with the increase of IDD degree in
the present study [8]. The elasticity modulus in the NP tissue
with Pfirrmann grades IV-V was about 23 kPa, so 25 kPa was
selected as the stiffness of stiff substrate. The results indicated
that Piezo1 was activated by stiff ECM, which resulted in
intracellular Ca2+ elevation and increase in ROS levels, which
activated ER stress and oxidative stress. The potential
mechanism might be that the stiff ECM regulated NP cell
morphology and changed the traction force in the cytomem-
brane. Previous studies had reported that extracellular
mechanical stimuli regulated the traction forces, which acti-
vated the Piezo1 channel in the membrane subsequently
[40]. In human NP cells, the activation of Piezo1 led to
impaired intracellular Ca2+ homeostasis and increased ROS
levels. Our previous study indicated that intracellular Ca2+
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Figure 2: Stiff ECM induces the Piezo1 expression and activates oxidative stress and ER stress. (a) Piezo1 mRNA expression levels were
analyzed by qRT-PCR in human NP cells cultured in polystyrene plates with different stiffnesses (soft: 1 kPa, stiff: 25 kPa) for 6, 12, 24,
and 48 h. (b) The Piezo1 expression and cell morphology after 24 h of treatment were evaluated using immunofluorescence. Cytoskeleton
was stained by phalloidin, and Cell nuclei are stained by DAPI. (c, d) The Piezo1 protein level was measured by western blotting. (e)
Piezo1 mRNA expression levels were analyzed by qRT-PCR. (f) Intracellular Ca2+ levels measured using the specific Ca2 + -sensitive
fluorescent indicator Fura-4-AM and analyzed via fluorescence microscopy. (g, h) The ROS levels were measured using DCFH-DA and
analyzed using a flow cytometer. (i, j) GRP78 and CHOP protein levels were evaluated by western blotting. Data are presented as mean ±
SD (∗∗P < 0:01, ∗∗∗P < 0:001, magnification: ×400, scale bar: 50 μm).

7Oxidative Medicine and Cellular Longevity



FITC-A

Co
un

t

Soft

Stiff

Stiff+siNC

Stiff+siPiezo1

200

150

100

50

0
0 103–103 104 105

(a)

So
ft

St
iff

St
iff

+s
iN

C

St
iff

+s
iP

ie
zo

1

Re
la

tiv
e R

O
S 

le
ve

l 

ns2.0

1.5

1.0

0.5

0.0

⁎⁎⁎
⁎⁎⁎

(b)

So
ft

St
iff

St
iff

+s
iN

C

St
iff

+s
iP

ie
zo

1

GRP78

CHOP

GAPDH

(c)

GRP78 CHOP

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

ns
ns1.5

1.0

0.5

0.0

⁎⁎⁎ ⁎⁎
⁎⁎

⁎⁎⁎

Soft

Stiff

Stiff+siNC

Stiff+siPiezo1

(d)

So
ft

St
iff

St
iff

+s
iN

C

St
iff

+s
iP

ie
zo

1

Cleaved
caspase-3

Bax

Bcl-2

p53

p16

GAPDH

(e)

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

Cleaved
caspase-3

Bax Bcl-2 p53 p16

ns ns

ns

ns
ns

Soft

Stiff

Stiff+siNC

Stiff+siPiezo1

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

1.5

1.0

0.5

0.0

(f)

Soft Stiff Stiff+siNC Stiff+siPiezo1

C
om

p-
PE

-A

C
om

p-
PE

-A

C
om

p-
PE

-A

C
om

p-
PE

-A

Q1
1.63

Q1
3.52

Q3
0.62

Q4
94.2

105

104

104 105

103

102

103

0

0

Comp-FITC-A

Q1
2.31

Q1
8.46

Q3
0.59

Q4
88.6

105

104

104 105

103

102

103

0

0

Comp-FITC-A

Q1
3.59

Q1
7.68

Q3
0.76

Q4
88.0

105

104

104 105

103

102

103

0

0

Comp-FITC-A

Q1
1.98

Q1
2.97

Q3
0.52

Q4
94.5

105

104

104 105

103

102

103

0

0

Comp-FITC-A

(g)

A
po

pt
os

is 
ra

te
 (%

)

So
ft

St
iff

St
iff

+s
iN

C

St
iff

+s
iP

ie
zo

1

ns15

10

5

0

⁎⁎⁎
⁎⁎

(h)

Soft Stiff Stiff+siNC Stiff+siPiezo1

(i)

So
ft

St
iff

St
iff

+s
iN

C

St
iff

+s
iP

ie
zo

1

SA
‐𝛽

‐g
al

-p
os

iti
ve

 ce
lls

 (%
) 50

40

30

20

10

0

ns

⁎⁎⁎
⁎⁎⁎

(j)

Figure 3: Piezo1 knockdown attenuates stiff ECM-induced oxidative stress and ER stress and oxidative stress-induced NP cell senescence and
apoptosis. (a, b) The ROS levels were measured using DCFH-DA and analyzed using a flow cytometer. (c, d) GRP78 and CHOP protein levels
were evaluated by western blotting. (e, f) The protein levels of cleaved caspase-3, Bax, Bcl-2, p53, and p16 were evaluated by western blotting.
(g, h) Flow cytometry was performed to analyze the apoptosis rate in NP cells. (i, j) SA-β-gal staining of human NP cells and the
average percentage of SA-β-Gal-positive cells in different groups, scale bar: 100 μm. Data are presented as mean ± SD (ns: no
significant; ∗∗P < 0:01, ∗∗∗P < 0:001).
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Figure 4: siPiezo1 partially ameliorates IDD and decreases ECM stiffness in vivo. (a) The representative T2 weighted MR images of rat tails
after surgery and treatment. (b) Pfirrmann grades of different experimental groups at 4 weeks after surgery. (c) Representative HE staining
images of disc specimens from different experimental groups, scale bar: 1mm and 250μm. (d) Representative SO staining images of disc
specimens from different experimental groups, scale bar: 1mm and 250 μm. (e) Histological scores in different experimental groups. (f)
The elasticity modulus of rat NP tissue specimens from different experimental groups was measured via atomic force microscope (AFM).
(g) Immunohistochemical experiments of apoptosis indicator (cleaved caspase-3) and senescence marker (P16). (h) Average percentages
of cleaved caspase-3 and P16-positive cells in different groups, scale bar: 100μm. Data are presented as mean ± SD (∗∗∗P < 0:001).
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homeostasis impaired influenced the ER stress, and the intra-
cellular ROS level had closely related to oxidative stress [36,
41]. Therefore, stiff ECM regulated ER stress and oxidative
stress via the activation of the Piezo1 channel.

Oxidative stress involves in the regulation of apoptosis,
senescence, ER stress, and autophagy [36, 41, 42]. Downreg-
ulation of Bcl-2, along with upregulation of Bax and cleaved
caspase-3 in NP cells, is related to an increase of cell apopto-
sis [43, 44]. In the present study, stiff ECM decreased the
expression of Bcl-2 and increased the expression of Bax and
cleaved caspase-3, which indicated that stiff ECM increased
the apoptosis of NP cells. Therefore, the apoptosis might be
induced by the activation of ER stress and oxidative stress.
The upregulation of p53 and p16 as senescence markers is
common in IDD [45]. Mechanical stress can induce and pro-
mote rat NP cell senescence [46]. In our study, stiff ECM, as a
mechanical stimulation, upregulated the expression of p53
and p16 in NP cells, which demonstrated that stiff ECM
aggravated the senescence of NP cells. Accumulating studies
have reported that excessive ROS accumulation is related to
oxidative stress, and cellular senescence occurs under activa-
tion of oxidative stress; thus, excessive ROS accumulation
contributes to cellular senescence [39, 47, 48]. In human
NP cells, cellular senescence could be also due to excessive
ROS accumulation and subsequent oxidative stress. More-
over, oxidative stress-induced apoptosis and senescence con-
tribute to IDD progression [14]. The present results indicated
that stiff ECM increases intracellular ROS, activates oxidative

stress, and aggravates oxidative stress-induced apoptosis and
senescence. The inhibition of Piezo1 attenuated oxidative
stress-induced apoptosis and senescence, which indicated
that stiff ECM increased oxidative stress-induced apoptosis
and senescence via activation of Piezo1.

Piezo1 plays a crucial role in mechanical transduction,
and its inhibition can reduce chondrocyte death after
mechanical injury [49]. Piezo1 knockdown attenuates
mechanical stretch stress-induced apoptosis in NP cells
[26]. To the best of related knowledge, the relation between
Piezo1 activated by ECM stiffness and oxidative stress or
ER stress has not been investigated. In this study, Piezo1 inhi-
bition decreased ROS levels and the expression of GRP78 and
CHOP. The oxidative stress and ER stress activated by stiff
ECM were inhibited by siPiezo1 in human NP cells. More-
over, Piezo1 knockdown alleviated oxidative stress-induced
apoptosis and senescence. Finally, Piezo1 silencing amelio-
rated IDD in an in vivo rat model and decreased the elasticity
modulus of rat NP tissues.

There are some limitations in the present study. First,
similar with the animal models in previous studies [11, 31,
44, 50], a simple and effective rat acupuncture model is estab-
lished to investigate the mechanism of mechanical stimula-
tion in IDD and the potential therapeutic effects of Piezo1
inhibition. However, except for the stimulation of ECM stiff-
ness, the acupuncture of rat tails also causes the biomechan-
ical instability of intervertebral disc. The pathological
mechanism of IDD may be related to interactive or

ECM
stiffness

Membrane tension

ROS

Traction force
Actin

Oxidative
stress

GRP78

Endoplasmic
reticulum

CHOP
Cleaved caspase-3

Bax
Bcl-2
p53
p16

Cell senescence
Cell apoptosis

Figure 5: Schematic illustration of Piezo1 in human NP cells as a mechanical transduction mediator for stiff ECM stimulation. Piezo1,
activated by matrix stiffness, increases intracellular Ca2+ levels and regulates ER stress and oxidative stress-induced apoptosis and
senescence in human NP cells.
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associated effect of different biomechanical stimulations. The
interactive relationship of different biomechanical stimula-
tions in IDD should be investigated. Second, the mutation
of the mechanosensitive cation channels Piezo2 may be
responsible for symptoms of scoliosis. The NP tissues of
Pfirrmann grade I were obtained from the patients with idio-
pathic scoliosis, but the potential genic changes were possible
to influence our results about Piezo1. Further studies about
the potential influences of Piezo on scoliosis should be con-
ducted. Third, although the current work reveals the mecha-
nism of IDD from a new perspective of biomechanics and
oxidative stress according to the results in vitro and in vivo,
the particular changing process of oxidative stress and ECM
stiffness remains unclear. The histological evaluation
in vivo at different time points is needed in further
investigations.

5. Conclusion

The present results indicate that Piezo1 activation under stiff
ECM is the mechanism underlying oxidative stress-induced
apoptosis and senescence in IDD, leading to pathologic
progression of IVD. Central to this mechanical signal trans-
duction is the activation of Piezo1. We identified the
mechanosensitive ion channel Piezo1 in human NP cells as
a mechanical transduction mediator for stiff ECM stimula-
tion. Our results provide novel insights into the mechanism
of mechanical transduction in NP cells, with therapeutic
potential for treating IDD.
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Ferroptosis is a specialized form of regulated cell death that is charactered by iron-dependent lethal lipid peroxidation, a process
associated with multiple diseases. However, its role in the pathogenesis of intervertebral disc degeneration (IVDD) is rarely
investigated. This study is aimed at investigating the role of ferroptosis in oxidative stress- (OS-) induced nucleus pulposus cell
(NPC) decline and the pathogenesis of IVDD and determine the underlying regulatory mechanisms. We used tert-butyl
hydroperoxide (TBHP) to simulate OS conditions around human NPCs. Flow cytometry and transmission electron microscopy
were used to identify ferroptosis, while iron assay kit, Perl’s staining, and western blotting were performed to assay the
intracellular iron levels. A ferroportin- (FPN-) lentivirus and FPN-siRNA were constructed and used to explore the relationship
between FPN, intracellular iron homeostasis, and ferroptosis. Furthermore, hinokitiol, a bioactive compound known to
specifically resist OS and restore FPN function, was evaluated for its therapeutic role in IVDD both in vitro and in vivo. The
results indicated that intercellular iron overload plays an essential role in TBHP-induced ferroptosis of human NPCs.
Mechanistically, FPN dysregulation is responsible for intercellular iron overload under OS. The increase in nuclear translocation
of metal-regulatory transcription factor 1 (MTF1) restored the function of FPN, abolished the intercellular iron overload, and
protected cells against ferroptosis. Additionally, hinokitiol enhanced the nuclear translocation of MTF1 by suppressing the JNK
pathway and ameliorated the progression of IVDD in vivo. Taken together, our results demonstrate that ferroptosis and FPN
dysfunction are involved in the NPC depletion and the pathogenesis of IVDD under OS. To the best of our knowledge, this is
the first study to demonstrate the protective role of FPN in ferroptosis of NPCs, suggesting its potential used as a novel
therapeutic target against IVDD.

1. Introduction

Intervertebral disc degeneration (IVDD) is a leading cause
of low back pain [1], which approximately 80–90% of the
global population suffer from, causing immense health
and economic burdens [2]. The intervertebral disc (IVD)
comprises an inner aggrecan-rich, gel-like nucleus pulposus
(NP) and an outer collagen I-rich fibrocartilaginous annu-

lus fibrosus, bordered superiorly and inferiorly by hyaline
cartilaginous endplates [3]. Located in the inner disc, NP
cells (NPCs) constitute the largest proportion of the cell
types found in the NP and are responsible for the synthesis
and secretion of the extracellular matrix (ECM) which, in
turn, maintains the multiple biological functions of the
spine. The depletion of NPCs and the subsequent degrada-
tion of the ECM are the primary etiology of IVDD [4].
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Therefore, exploring the mechanisms underlying the deple-
tion of NPCs is considered important. IVDD is a compli-
cated process that involves tissue damage caused by age-
related changes as well as multiple stress factors [5]. Studies
have increasingly implicated oxidative stress (OS) in the
initiation and progression of IVDD [5–7]. In addition,
reactive oxygen species (ROS) are reportedly involved in
the apoptosis, autophagy, and senescence of NPCs, which
alter cellular phenotypes and contribute to disc degenera-
tion [2, 8–11]. However, these mechanisms do not fully
explain the decline of NPCs or the unsatisfactory perfor-
mance of current IVDD treatment strategies.

The term ferroptosis, coined in 2012, describes a form of
regulated cell death induced by the small molecule erastin,
which inhibits the cystine-glutamate antiporter and causes
the depletion of glutathione. Ferroptosis is characterized by
iron-dependent excessive accumulation of lipid hydroperox-
ides, which is distinct from necrosis, apoptosis, and autoph-
agy based on biochemical, morphological, and genetic
criteria [12]. The main morphological characteristics seen
under transmission electron microscopy (TEM) signifying
ferroptosis include dense, smaller mitochondria with vesti-
gial cristae and increased membrane density [12]. Ferroptosis
could be effectively prevented via specific ferroptosis inhibi-
tors as well as iron chelators, which blocks pathological cell
death process in the kidney, cerebrum, and other organs
[13]. Ferroptosis is involved in pathological cell death associ-
ated with ischemia-reperfusion injury, stroke, carcinogenesis,
kidney injury, and degenerative diseases such as Parkinson’s,
Huntington’s, and Alzheimer’s diseases [14]. Additionally,
some studies found that ferroptosis may also play an impor-
tant role in IVDD [15, 16].

Ferroportin (FPN), a multitransmembrane protein, is the
only known mammalian iron exporter that transports iron
from the cytoplasm to the extracellular space [17]. FPN is
highly expressed in hepatocytes, macrophages, and duodenal
enterocytes, which are responsible for iron acquisition [17].
FPN plays an important role in maintaining cellular iron
homeostasis and systemic iron homeostasis. Additional,
altering the FPN expression could cause iron overload or iron
deficiency [18]. Ward and Kaplan reported that knocking out
FPN expression caused a reduction in the cycling of iron in
red blood cell hemoglobin and reduced absorption of dietary
iron, which resulted in iron deficiency [19]. Ma et al. demon-
strated that intracellular iron accumulation in breast cancer
cells, which involves a lack of FPN, contributes to ferroptosis
via increasing lipid ROS production by way of Fenton’s
reaction [20]. In addition to being expressed in the liver,
spleen, and duodenum, FPN is also found in the NP tissue
of the human IVD in which its role remains undefined.

Metal-regulatory transcription factor 1 (MTF1) is
responsible for regulating various metals at the cellular level,
especially iron and zinc [21]. When required, MTF1 translo-
cates from the cytosol into the nucleus and binds to the pro-
moters of target genes to activate transcription [21].
Hinokitiol (4-isopropyl-tropolone) is a bioactive aromatic
tropolone first isolated from the heart wood of Chymacyparis
taiwanensis. As a component of essential oils, hinokitiol has
been shown to resist OS and restore FPN function [22, 23],

inhibit the activation of JNK, and increase the nuclear trans-
location of MTF1, which leads to an increase in copper-
inducible metallothionein-I transcription [22, 24, 25].

In the current study, OS was induced in NPCs via expo-
sure to tert-butyl hydroperoxide (TBHP). The results indi-
cated that ferroptosis was involved in TBHP-induced
human NPC death and IVDD. TBHP aggravated ferroptosis
in NPCs by suppressing FPN expression via MTF1. Suppres-
sion of the JNK pathway using hinokitiol reversed the ferrop-
tosis induced by the TBHP treatment. We explored the
ferroptotic mechanism underlying OS-induced IVDD with
the expectation of detecting potential treatment strategies
for IVDD.

2. Materials and Methods

2.1. Isolation and Culture of Human NPCs. All experimental
were approved by the Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technology
(No. S214). Having obtained informed consent from all
patients, normal NP tissues were acquired from 7 males
and 6 females (n = 13), aged 11–24 years with a mean age
of 15.8 years, who had undergone surgery for idiopathic sco-
liosis. Degenerative NP tissues were obtained from 6 males
and 7 females (n = 13), aged 28–65 years with a mean age
of 45.2 years, who underwent disc excision surgery for
lumbar disc herniation. The degenerative grade of NP tissue
samples was classified according to Pfirrmann grades using
magnetic resonance images as previously described [7].

Human NPCs were isolated as described previously [26].
Briefly, NP tissues were sectioned into fragments and enzy-
matically digested with 0.25mg/ml type II collagenase (Invi-
trogen) for 6 h. After being washed in PBS and centrifuged,
the isolated NPCs were cultured in Dulbecco’s modified
Eagle medium (DMEM)/F12 (Gibco) containing 15% fetal
bovine serum (Gibco) and 1% penicillin-streptomycin (Invi-
trogen). After identification using NPC markers (CD24,
KRT18, Abcam), the second-passage cells were used for sub-
sequent experiments. In our experiments in vitro, NPCs were
exposed to 25, 50, and 100μM of TBHP (Sigma) for 6 h or
12 h. For the purpose of inhibiting ferroptosis, NPCs were
treated with medium containing ferrostatin-1 5μM (HY-
100579, MedChemExpress), liproxstatin-1 5μM (HY-
12726, MedChemExpress), deferoxamine 100μM (HY-
B0988, MedChemExpress), hinokitiol 8μM (HY-B2230,
MedChemExpress), or SP600125 20μM, a specific inhibitor
of JNK (HY-12041, MedChemExpress), and harvested for
subsequent analysis.

2.2. Measurement of Cell Viability and Proliferation. Cell via-
bility was performed using the Cell Counting Kit-8 (CCK-8)
(C0037, Beyotime, Shanghai, China) according to the manu-
facturer’s instructions. The absorbance was measured at
450 nm using a spectrophotometer (BioTek, Winooski, VT,
USA). NPC proliferation was detected via the incorporation
of EdU (5-ethynyl-2′-deoxyuridine) (C0078S; Beyotime,
Shanghai, China) according to the manufacturer’s instruc-
tions, and fluorescence images were acquired using a fluores-
cence microscope (Olympus, BX53, Melville, NY, USA).
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2.3. Lipid ROS Analysis. Lipid ROS levels were assayed using
C11-BODIPY 581/591 (Thermo Fisher, D3861) according to
the manufacturer’s instructions. Briefly, cells were treated
with the intended compounds and 10μM C11-BODIPY
581/591, following which the preparation was incubated at
37°C for 30min. Next, cells were washed thrice with PBS
before being trypsinized and resuspended in fresh PBS.
Fluorescence emission peaks were analyzed using a flow
cytometer (BD Biosciences, San Jose, CA, USA). The peak
from ~590 nm to ~510nm is proportional to lipid ROS
generation.

2.4. TEM. Cells were fixed in 2.5% glutaraldehyde (Sigma-
Aldrich, USA) for 1 h, followed by fixation in 2% osmium
tetroxide for 3 h. After washing, cells were stained with
0.5% uranyl acetate for 12h. Following dehydration and
polymerization, samples were cut into 70–90 nm ultrathin
sections with an ultramicrotome (EM UC7, Leica) and
observed using a transmission electron microscope (FEI,
USA).

2.5. Measurement of Labile Iron Levels. Iron concentrations
were measured using an iron assay kit (ab83366, Abcam,
Cambridge, MA) following the manufacturer’s instructions.
After being treated with various compounds, cells were col-
lected, homogenized in 5x volume of iron assay buffer on
ice, and centrifuged (13,000× g, 10min) at 4°C. The superna-
tant was collected and 5μl of iron reducer was added to each
sample and incubated for 30min at 37°C. Next, 100μl of iron
probe was added to each sample and incubated for 60min at
37°C away from light. Absorbance was measured at 593 nm
using a microplate reader (Thermo Fisher Scientific).

2.6. Perl’s Prussian Blue Stain. The iron content in tissue sec-
tions was determined using an iron stain kit (ab150674;
Cambridge, UK). Histological sections were deparaffinized
and rehydrated. Next, the iron stain solution was produced
by combining equal volumes of potassium ferrocyanide and
hydrochloric acid solutions. Slides containing tissue sections
were incubated in the solution for 3min, washed with dis-
tilled water, stained using Abcam nuclear fast red solution
for 5min, and then washed with distilled water. Finally, the
sections were dehydrated in 95% ethanol, followed by
absolute ethanol. The final blue stain directly correlates with
nonchelated iron in the human NP tissue.

2.7. Western Blotting Analysis. Total proteins, cytoplasmic
proteins, and nuclear proteins were extracted from cultured
cells using the corresponding kits (Beyotime, Shanghai,
China) according to the manufacturer’s instructions. The
protein samples were incubated with the following primary
antibodies: TFRC (1 : 500), FTL (1 : 500), DMT1 (1 : 1000),
MTF1 (1 : 500), JNK (1 : 1000), beta-actin (1 : 5000), GAPDH
(1 : 1000), and Histone 3 (1 : 1000) (all obtained from Pro-
teintech), FPN (1 : 1000; Novus Biologicals), and Phospho-
JNK (1 : 1000; Cell Signaling Technology). This was followed
by incubation with a horseradish peroxidase- (HRP-) conju-
gated secondary antibody (1 : 2000; Abcam). Beta-actin,
GAPDH, and Histone 3 were used for normalization.

2.8. Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-qPCR). TRIzol reagent (Invitrogen) was used
to extract total RNA from cultured cells according to the
manufacturer’s instructions. The following primers were
used: Homo FPN (F: 5′-TCTTTGCTTGCGGTCCTGAT-
3′, R: 5′-GAGCAAAACACCCAGCCATT-3′); Homo
TFRC (F: 5′-AAATGCCCTCTCTGGTGACG-3′, R: 5′
-AGCACGATCAGCACAAGTCT-3′); Homo DMT1 (F: 5′
-AAAAGCGCAGACTGGATGGA-3′, R: 5′-CGATGG
TAAGGGGAGGAGGC-3′); and Homo GAPDH (F: 5′
-GGAGTCCACTGGCGTCTTCA-3′, R: 5′-GTCATGAGT
CCTTCCACGATACC-3′). GAPDH was used for
normalization.

2.9. RNA Interference. Knockdown of FPN in human NPCs
was achieved via transfection of FPN-siRNA (siFPN) (Ribo-
Bio Co., Guangzhou, China) using Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instructions. After
verifying high silencing efficiency, the NPCs were used as
the treatment group.

2.10. Plasmids and Transfection. Overexpression of FPN or
MTF1 in human NPCs was conducted via transfection of len-
tiviral plasmid generating Lenti-FPN and Lenti-MTF1,
respectively, (GeneChem, Shanghai, China) according to
the manufacturer’s instructions.

2.11. Surgical Procedure. All procedures involving animal
were conducted in accordance with the National Institutes
of Health guidelines for the care and use of laboratory ani-
mals and were approved by the ethical standards of the Ani-
mal Experimentation Committee of Huazhong University of
Science and Technology. A simple annulus fibrosus puncture
rat model was developed as previously described [27, 28].
Briefly, 40 Sprague–Dawley rats (3 months old) were ran-
domly divided into five groups (n = 8 for each group), which
were obtained from the Laboratory Animal Center of Huaz-
hong University of Science and Technology (Wuhan, China).
After the rats were weighed and anesthetized with 2% (w/v)
pentobarbital (40mg/kg), the experimental level (Co7/8)
was located by digital palpation on the coccygeal vertebrae
and confirmed by counting the vertebrae from the sacral
region in a trial radiograph. The tail skin was sterilized, and
the tail vertebral disc of Co7/8 was punctured though the tail
skin, parallel to the end plates with a 27-gauge sterile needle
from the lateral side of the tail and was held with a 4mm
depth for 30 s. After surgery, DFO, Fer-1, or hinokitiol was
diluted with normal saline and injected intraperitoneally for
8 weeks at a dose of 200mg/kg/d, 150mg/kg/d, or
150mg/kg/d, respectively. The degeneration group was
administered an equal amount of normal saline daily until
the rats were killed. All animals were allowed free unre-
stricted weight bearing and activity.

2.12. Immunofluorescence Analysis. Immunofluorescence
analysis was performed as previously described [29]. First,
cells were fixed with 4% paraformaldehyde for 20min,
permeabilized in PBS containing 0.1% Triton X-100 for
3min, saturated in PBS containing 3% bovine serum albumin
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for 1 h, and incubated with anti-MTF1 (1 : 50, Santa Cruz
Biotechnology) overnight at 4°C. Subsequently, the cells were
incubated with goat anti-mouse antibodies for 1 h. Nuclei
were then costained with DAPI (4, 6-diamidino-2-phenylin-
dole) for 5min, and the results were visualized using an
Olympus fluorescence microscope (Olympus, NY, USA).

2.13. Histological and Immunohistological Analyses in
Human NP Tissues and Animal Models. NP tissue was fixed
in 10% formaldehyde for 24h, embedded in paraffin, and
sliced into 4μm sections. For histological analysis, the sec-
tions were deparaffinized, rehydrated, and stained with
hematoxylin and eosin (HE) and safranin-O (SO). Immuno-
histochemistry was conducted as previously described [30].
Sections were incubated with primary antibody (diluted
1 : 200) against FPN (NBP1-21502, Novus Biologicals), FTL
(10727-1-AP, Proteintech), and MTF1 (25383-1-AP, Pro-
teintech). Next, the sections were incubated with secondary
antibody (Santa Cruz Biotechnology). For the negative
control, the primary antibodies were replaced with buffer.
Finally, three fields of each slide were randomly chosen for
microscopic observation using microscopy (Olympus,
Tokyo, Japan).

2.14. Statistical Analysis. Data are expressed as the mean ±
SD of at least three independent experiments. Statistical anal-
yses were performed using GraphPad Prism 7 software (La
Jolla, CA, USA). Significance of difference was determined
by unpaired t-test or one-way ANOVA. Significance was
defined as p < 0:05.

3. Results

3.1. Ferroptosis Was Involved in TBHP-Induced Cell Viability
Decline and ROS Accumulation in Human NPCs. Previous
studies have demonstrated that peroxide-induced cell death
is involved in ferroptosis [31] and that the trigger of ferropto-
sis requires continuous formation of iron-dependent ROS
over an extended period [12]. Therefore, we simulated OS
conditions around human NPCs using various concentra-
tions of TBHP for 6 h or 12h. Cell viability was examined
via EdU and CCK-8 assays to observe the impact of TBHP
on human NPCs. As the TBHP concentration increased over
a period of 6 h or 12 h, the viability of NPCs gradually
decreased (Figures 1(a) and 1(b) ). However, TBHP-
induced decline in the viability of NPCs was significantly res-
cued by the iron chelator deferoxamine (DFO) and ferropto-
sis inhibitors ferrostatin-1 (Fer-1) or liproxstatin-1 (Lip-1)
[12] (Figures 1(c) and 1(d)). According to previous reports,
lipid ROS accumulation is a hallmark of ferroptosis [12].
To verify this, lipid ROS were assessed using flow cytometry
via the fluorescent probe, C11-BODIPY. The data indicated
that treatment of NPCs with TBHP caused a dose-
dependent and time-dependent increase in lipid ROS
(Figures 1(e) and 1(f)). Similarly, lipid ROS accumulation
was also suppressed by cotreatment with Fer-1, Lip-1, and
DFO (Figures 1(g) and 1(h)). In addition, TEM observations
indicated that TBHP-treated human NPCs contained smaller
mitochondria with increased membrane density compared to

the control group, a morphological characteristic of ferropto-
sis that is distinct from necrosis, apoptosis, and autophagy
[12] (Figure 1(i)). These results suggested that ferroptosis
was involved in TBHP-induced cell death in human NPCs,
which was significantly alleviated by treatment with ferropto-
sis inhibitors and iron chelators.

3.2. Ferroptosis in Human NPCs Was Associated with FPN-
Dependent Increase in Intracellular Iron Levels. Ferroptosis
is an iron-dependent regulated cell death, and cellular iron
is required for ferroptotic ROS accumulation [12]. To test
the hypothesis that TBHP promotes ferroptotic ROS accu-
mulation though an increase in intracellular iron levels, we
determined the levels of labile iron pools (LIP) in human
NPCs during exposure to different concentrations of TBHP.
LIP can be measured indirectly by monitoring changes in cel-
lular ferritin expression [32]. Western blotting results
showed that TBHP treatment resulted in a significant
increase in intracellular iron levels compared to that of the
control, as indicated by the levels of ferritin light chain
(FTL) in human NPCs (Figure 2(a)). To further verify the
change in LIP, we directly measured LIP in human NPCs
using an iron assay kit (Figure 2(b)), which showed that
TBHP treatment led to a dose-dependent increase in intra-
cellular LIP. Immunohistochemistry and Perl’s staining of
human NP tissues showed that iron in the IVDD group was
increased compared to the control group (Figure 2(c)). These
results suggested that intercellular iron overload plays an
essential role in TBHP-induced ferroptosis of NPCs and
IVDD.

Considering that the divalent metal transporter 1
(DMT1), transferrin receptor (TFRC), and FPN are mainly
responsible for regulating the intercellular iron levels, we
measured the corresponding mRNA and protein expression
levels using RT-qPCR and western blotting, respectively.
The results showed that FPN, but not TFRC or DMT1, was
significantly downregulated in human NPCs treated with
TBHP (Figures 2(d) and 2(e)), suggesting that it is FPN that
mainly accounts for intercellular iron overload in human
NPCs. In addition, we assessed the FPN level in human NP
tissue specimens. Immunohistochemistry showed the
expression of FPN decreased in the IVDD group compared
to the control group (Figure 2(f)). These results demon-
strated that FPN was downregulated in TBHP-induced
human NPCs as well as human NP tissue of IVDD.

3.3. FPN Protected against TBHP-Induced Intercellular Iron
Overload and Ferroptosis in Human NPCs. To further deter-
mine the role of FPN in generating intercellular iron overload
and ferroptosis in human NPCs, we knocked down FPN
using siFPN and overexpressed FPN by transfecting a lenti-
viral plasmid (Lenti-FPN) in control NPCs and TBHP-
induced NPCs. Western blotting results showed the knock-
down of FPN was efficient, and it increased intercellular iron
levels in both control NPCs and TBHP-induced NPCs, indi-
cated in ferritin and LIP (Figures 3(a) and 3(b)). FPN knock-
down not only partially mimicked the effect of ferroptosis in
control NPCs but also aggravated this effect in TBHP-
induced NPCs (Figures 3(c)–3(e)). In addition, the results
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Figure 1: Continued.
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showed that Lenti-FPN infection significantly increased the
expression of FPN and alleviated intercellular iron overload
in TBHP-induced NPCs (Figures 3(f) and 3(g)). Lenti-FPN
infection also alleviated ferroptosis in TBHP-induced NPCs
(Figures 3(h)–3(j)). These data showed the intercellular iron
overload and ferroptosis in TBHP-induced NPCs was associ-
ated with FPN dysfunction. FPN played a critical role in
maintaining iron homeostasis and suppressing ferroptosis
in human NPCs.

3.4. Suppression of MTF1 Downregulated FPN and
Aggravated Ferroptosis in Human NPCs. Next, we aimed to
identify the regulator responsible for the decrease of FPN
during TBHP treatment. Based on a literature search,
MTF1 could regulate the genetic expression of FPN at the
transcriptional level [21, 33, 34]. Western blotting results
showed that TBHP treatment significantly reduced the
nuclear fractions of MTF1 protein, but not of Histone 3
(nuclear loading control) (Figure 4(a)). Suppression of
MTF1 nuclear translocation by TBHP treatment was further
validated using an immunofluorescence assay (Figure 4(b)).
In addition, immunohistochemistry showed decreased
nuclear localization of MTF1 in the IVDD group compared
to the control group (Figure 4(c)). To further confirm the role
of MTF1 in the suppression of FPN, we overexpressed MTF1
by transfecting a lentiviral plasmid (Lenti-MTF1). Subse-
quent western blotting results indicated that Lenti-MTF1
infection upregulated MTF1 nuclear translocation, increased

FPN protein levels, and decreased FTL protein levels and LIP
in human NPCs (Figures 4(d)–4(f)). Consistently, overex-
pression of MTF1 also alleviated the ferroptosis phenotypes
under TBHP treatment (Figures 4(f)–4(i)). To further con-
firm the essential role of FPN in MTF1 overexpression, we
initiated FPN knockdown in Lenti-MTF1-infected NPCs.
FPN knockdown significantly inhibited the protective effect
of ferroptosis phenotypes in Lenti-MTF1-infected NPCs
(Figures 4(f)–4(i)). These data indicated that TBHP treat-
ment reduced the nuclear translocation of MTF1 in human
NPCs, which resulted in the decreased expression of FPN
and ferroptosis of NPCs.

3.5. Administering Hinokitiol Restored FPN Function and
Suppressed TBHP-Induced Ferroptosis by Regulating the
JNK/MTF1 Pathway. A 12h treatment with >10μM hinoki-
tiol was cytotoxic to human NPCs, whereas doses with
<8μM hinokitiol did not cause cytotoxicity (Figure 5(a)).
Thus, we selected 8μM hinokitiol for the current study to
determine its therapeutic role in protecting against ferropto-
sis of NPCs in vitro. Western blotting indicated that hinoki-
tiol significantly suppressed activation of the JNK pathway
by decreasing the phosphorylation level of JNK in a manner
consistent with SP600125 (a specific inhibitor of JNK)
(Figure 5(b)). We next investigated whether hinokitiol and
SP600125 affected the nuclear translocation of MTF1 in
human NPCs. MTF1 was found in both the cytosol and the
nuclei of control NPCs using immunofluorescence assay
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Figure 1: TBHP treatment induced cell viability decline, ROS accumulation, and ferroptosis in human NPCs. (a, b, e, f) The human NPCs
were treated with TBHP (25–100 μM) or DMSO for 6 h or 12 h. The quantitative values are expressed asmean ± SD (n = 3); ∗p < 0:05 versus
DMSO (6 h), #p < 0:05 versus DMSO (12 h). (a) Cell proliferation was detected using EdU staining under fluorescence microscope and the
positive cells were quantitated. (b) Cell viability was examined by the absorbance of CCK-8. (c, d, g, h) The human NPCs were treated
with DMSO, TBHP (50 μM), Fer-1 (5 μM), Lip-1 (5 μM), or DFO (100 μM) for 12 h. The quantitative values are expressed as mean ± SD
(n = 3); ∗p < 0:05, TBHP versus DMSO; ∗p < 0:05, TBHP+ Fer-1/Lip-1/DFO versus TBHP. (c) Cell proliferation was detected using EdU
staining under fluorescence microscope, and the positive cells were quantitated. (d) Cell viability was examined by the absorbance of
CCK-8. (e–h) Lipid ROS levels were assayed using C11-BODIPY 581/591 by flow cytometry. (i) Observation of human NPC morphologic
change after treatment with TBHP by TEM. The quantification of mitochondrial size is expressed as mean ± SD (n = 3); ∗p < 0:05 TBHP
versus DMSO.
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(Figure 5(c)). Additionally, hinokitiol and SP600125 signifi-
cantly rescued TBHP-induced suppression of MTF1 nuclear
localization (Figure 5(c)). Furthermore, hinokitiol upregu-
lated the expression of FPN in TBHP-treated NPCs, and
SP600125 consistently exerted a protective effect
(Figure 5(b)). Finally, hinokitiol and SP600125 also alleviated
the ferroptosis phenotypes under TBHP treatment
(Figures 5(d)–5(g)). Together, these data indicated that hino-
kitiol increased the nuclear translocation of MTF1 by sup-
pressing the JNK pathway in TBHP-induced human NPCs,
which resulted in an increase in FPN expression, a decline
in intercellular iron levels, and the prevention of ferroptosis.

3.6. Suppressing Ferroptosis and Administrating Hinokitiol
Ameliorated the Intervertebral Disc Degeneration In Vivo.
To further investigate the relationship between ferroptosis
and IVDD and the therapeutic efficacy of hinokitiol in vivo,
we constructed a tail disc percutaneous needle puncture ani-
mal model of IVDD using Sprague–Dawley rats as previously
described [27, 28]. After 8 weeks of model operation, the
midsagittal sections of IVD specimens from the animal
models were subjected to histopathologic analysis and scor-
ing. HE staining and SO staining showed that the structure
of IVD degenerated in the saline group, DFO group, Fer-1
group, and hinokitiol group (Figures 6(a)–6(c)) and the
degree of disc degeneration in the DFO group, Fer-1 group,
and hinokitiol group was lesser than that in the saline group

(Figures 6(a)–6(c)). Immunohistochemistry showed that
FTL was increased in the saline group compared with the
control group. Treatment with hinokitiol significantly allevi-
ated the increase of FTL (Figure 6(d)). In addition, the
nuclear translocation of MTF1 and the expression of FPN
decreased in the saline group compared with the control
group and were increased significantly when rats were
treated with hinokitiol (Figure 6(d)). Taken together, these
results revealed that ferroptosis and FPN dysfunction were
involved in the pathogenesis of IVDD in vivo. Administra-
tion of hinokitiol may ameliorate IVDD progression though
increasing the nuclear translocation of MTF1 and restoring
the function of FPN in vivo.

4. Discussion

Lower back pain has a negative impact on quality of life, with
IVDD being its major cause. Although much effort has been
made to diagnose lower back pain disorders in advance [35,
36], the available treatment is limited to muscle relaxants or
nonsteroidal anti-inflammatory drugs to relieve symptoms
[37, 38]. However, these drugs are unable to effectively allevi-
ate IVDD or prevent its progression. The current study dem-
onstrated the involvement of ferroptosis in the pathogenesis
of IVDD. The decreased expression of FPN resulted in inter-
cellular iron overload and ferroptosis in human NPCs
(Figure 7). In addition, hinokitiol effectively suppressed
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Figure 2: Ferroptosis in human NPCs was associated with intracellular iron overload and FPN dysfunction. (a, b, d, e) The human NPCs were
treated with DMSO or TBHP (25–100 μM) for 12 h. The quantitative values are expressed asmean ± SD (n = 3); ∗p < 0:05 versus DMSO. &No
significance versus DMSO. (a) FTL protein levels in human NPCs were determined using western blotting, which was normalized to β-actin.
(b) Intracellular total free iron levels in human NPCs were assayed using iron assay kit. (c) Representative images of Perl’s staining and FTL
expression were performed in human NP tissues from the control (NC) group and IVDD group. Data are expressed as mean ± SD (n = 3);
∗p < 0:05, the IVDD group versus the control (NC) group. (d) TFRC, DMT1, and FPN protein levels in human NPCs were determined
using western blotting, which was normalized to β-actin. (e) TFRC, DMT1, and FPN mRNA levels in human NPCs were determined by
RT-qPCR, which was normalized to β-actin. (f) Representative images of FPN were performed in human NP tissues from the control
(NC) group and IVDD group using immunohistochemistry analysis. Data are expressed as mean ± SD (n = 3); ∗p < 0:05, the IVDD group
versus the control (NC) group.
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ferroptosis and ameliorated IVDD via restoring the function
of FPN both in vitro and in vivo.

OS is a common pathological phenomenon involved in
various diseases, including diabetes, nonalcoholic fatty liver
disease, and Alzheimer’s disease [39]. The levels of ROS in
the IVD increase significantly with the progression of IVDD.
NPCs, the most important functional cells in the IVD, can
utilize aerobic metabolism to produce ROS. OS mediated
by excessive ROS accelerates the process of IVDD by multi-
ple biological mechanisms [40]. He et al. studied that rat
NPCs lose their ability to proliferate and become senescent,
when exposed to sublethal hydroperoxide [40]. Yu et al. iden-
tified advanced glycation end products associated with IVDD
that created OS and promoted mitochondrial dysfunction
and apoptosis of NPCs [7]. Jiang et al. investigated autophagy
and apoptosis as well as their interactions in NPCs under OS

[9]. Other studies have determined that the expression of
collagen type II and aggrecan was downregulated in
hydroperoxide-induced NPCs [41]. However, these do not
fully explain the decrease in NPCs and ECM degradation,
as seen by the failure of drugs targeting these mechanisms
to fully treat IVDD. Further research is needed to explore
the mechanisms underlying IVDD.

Ferroptosis, an iron-dependent regulated cell death, was
first identified while investigating cell death induced by the
small molecule erastin, which inhibits the function of
cystine-glutamate antiporter. Initial studies indicated that
ferroptosis was biochemically, morphologically, and geneti-
cally distinct from necrosis, apoptosis, and autophagy [12].
However, recent studies have revealed that ferroptosis also
is an autophagic process, which includes SQSTM1-
mediated clockophagy, ROS-mediated autophagy, NCOA4-
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Figure 3: FPN protected human NPCs against intercellular iron overload and ferroptosis induced by TBHP treatment. (a–e) Scrambled
siRNA (siCON) or FPN siRNA (siFPN) transfection was performed before DMSO or TBHP treatment (50 μM) for 12 h. The quantitative
values are expressed as mean ± SD (n = 3); ∗p < 0:05. (a) Representative western blotting assay and quantitation of the level of FPN and
FTL protein, which was normalized to β-actin. (b) Intracellular total free iron levels in human NPCs were assayed using iron assay kit. (c,
d) Lipid ROS levels were assayed using C11-BODIPY 581/591 using flow cytometry. (e) Cell viability was examined by the absorbance of
CCK-8. (f–j) Lenti-Vector or Lenti-FPN infection was performed before DMSO or TBHP treatment (50 μM) for 12 h. The quantitative
values are expressed as mean ± SD (n = 3); ∗p < 0:05. (f) Representative western blotting assay and quantitation of the level of FPN and
FTL protein, which was normalized to β-actin. (g) Intracellular total free iron levels in human NPCs were assayed using iron assay kit. (h,
i) Lipid ROS levels were assayed using C11-BODIPY 581/591 by flow cytometry. (j) Cell viability was examined by the absorbance of
CCK-8.
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Figure 4: Continued.
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mediated ferroptinophagy, and degradation of GPX4 by
chaperone-mediated autophagy [42–45]. Previous studies
have reported that homocysteine promoted rat NPC death
by ferroptosis, which was mediated by the upregulated meth-
ylation of GPX4 [15]. The current study used TBHP to sim-
ulate OS conditions. Lipid ROS, which are the hallmark of
ferroptosis, significantly increased in TBHP-induced NPCs
compared to that in noninduced cells. TEM showed that
the distinctive morphological characteristics of ferroptosis
were evident in TBHP-induced NPCs. TBHP-induced cell
death was significantly declined when cells were coincubated
with ferroptosis inhibitors and iron chelators. Additionally,
ferroptosis inhibitors and iron chelators also ameliorated
IVDD progression in vivo. This confirms the involvement
of ferroptosis in TBHP-induced decline of NPCs and IVDD
pathogenesis.

The sensitivity to ferroptosis is tightly linked to various
biological processes, including lipid metabolism, iron metab-
olism, amino acid and glutathione metabolism, and the bio-
synthesis of GPX4, p53, coenzyme Q10, ferroptosis-
suppressor-protein 1 (FSP1), and NADPH [14, 46–48]. Iron,
a constituent of iron-sulfur proteins and hemoproteins, is
required for the accumulation of lipid peroxides in the devel-
opment of ferroptosis [49]. The export, import, storage, and
turnover of iron impact ferroptosis sensitivity [14]. FPN is
responsible for iron homeostasis at both systemic levels and
cellular levels [50]. A previous study has reported that sira-
mesine in combination with lapatinib induced ferroptosis
via increased transferrin expression and decreased FPN
expression, resulting in intercellular iron overload [20].
However, the role of FPN in human NPCs remains to be
determined. The current study found that the expression
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Figure 4: TBHP treatment aggravated FPN downregulation in human NPCs by MTF1 suppression. (a, b) The human NPCs were treated
with DMSO or TBHP (50 μM) for 12 h. The quantitative values are expressed as mean ± SD (n = 3); ∗p < 0:05. (a) MTF1 protein levels in
cytosolic and nuclear fractions of human NPCs were determined using western blotting, which was, respectively, normalized to GADPH
and Histone 3. (b) The human NPCs were fixed and stained with DAPI (nuclear) and MTF1 antibody. Representative images were shown
to visualize the subcellular locations of MTF1. (c) The subcellular localization of MTF1 was performed in human NP tissues from the
control (NC) groups and IVDD groups by immunohistochemistry analysis. (d, e) Lenti-Vector or Lenti-MTF1 infection was performed in
human NPCs. The quantitative values are expressed as mean ± SD (n = 3); ∗p < 0:05. (d) MTF1 protein levels in cytosolic and nuclear
fractions of human NPCs were determined using western blotting, which was, respectively, normalized to GADPH and Histone 3. (e)
Representative western blotting assay and quantitation of the level of MTF1, FPN, and FTL proteins, which was normalized to β-actin. (f–
i) Lenti-Vector or Lenti-MTF1 infection and scrambled siRNA (siCON) or FPN siRNA (siFPN) transfection were performed before
DMSO or TBHP treatment (50 μM) for 12 h. Data are expressed as mean ± SD (n = 3); ∗p < 0:05. (f) Intracellular total free iron levels in
human NPCs were assayed using iron assay kit. (g, h) Lipid ROS levels were assayed using C11-BODIPY 581/591 using flow cytometry.
(i) Cell viability was examined by the absorbance of CCK-8.
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Figure 5: Hinokitiol restored FPN function and suppressed TBHP-induced ferroptosis by regulating the JNK/MTF1 pathway. (a) After
treatment with various concentrations (2~12μM) of hinokitiol or DMSO, cell viability was examined by the absorbance of CCK-8 in
human NPCs. The quantitative values are expressed as mean ± SD (n = 3); ∗p < 0:05 versus DMSO. &No significance versus DMSO. (b–g)
The human NPCs were treated with DMSO, TBHP (50 μM), hinokitiol (8 μM), or SP600125 (20 μM) for 12 h. Data are expressed as mean
± SD (n = 3); ∗p < 0:05 TBHP versus DMSO, ∗p < 0:05 TBHP+hinokitiol/SP600125 versus TBHP. (b) Representative western blotting
assay and quantitation of the level of p-JNK, FPN, and FTL proteins. P-JNK was normalized to JNK, while FPN and FTL were normalized
to β-actin. (c) The human NPCs were fixed and stained with DAPI (nuclear) and MTF1 antibody. Representative images are shown to
visualize the subcellular locations of MTF1. (d) Intracellular total free iron levels in human NPCs were assayed using iron assay kit. (e, f)
Lipid ROS levels were assayed using C11-BODIPY 581/591 by flow cytometry. (g) Cell viability was examined by the absorbance of CCK-8.
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level of FPN was reduced in TBHP-induced NPCs, degener-
ative human NP tissues, and degenerative rats’ NP samples.
Importantly, we further conformed that the reduced expres-
sion of FPN resulted in intracellular iron overload, which
contributed to the development of ferroptosis.

FPN plays a critical role in iron homeostasis, and alter-
ations in FPN may result in either iron overload or defi-
ciency. The regulation of FPN expression is complex, with
important layers of control at the transcriptional level via
the regulation of levels and splice variants of mRNA, at the
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Figure 6: Ferroptosis occurred during IVDD, while administration of hinokitiol reduced the degree of disc degeneration in vivo. (a, b)
Representative HE and SO staining images of the midsagittal sections of IVD specimens. (c) Histologic scores of the midsagittal sections
of IVD specimens. Data are expressed as mean ± SD (n = 3); ∗p < 0:05, the saline group versus the control group; ∗p < 0:05, the DFO
group/Fer-1 group/hinokitiol group versus the saline group. The interobserver error of each group is, respectively, 0.05 (control group),
0.02 (saline group), 0.05 (hinokitiol group), 0.03 (DFO group), and 0.07 (Fer-1 group). (d) Immunohistochemical staining for FTH, FPN,
and MTF1 expressions in the rats’ NP samples. Data are expressed as mean ± SD (n = 3); ∗p < 0:05, the saline group versus the control
group; ∗p < 0:05, the hinokitiol group versus the saline group.
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Figure 7: Schematic model illustrating the signaling pathway by JNK/MTF1/FPN to mediate TBHP-induced and hinokitiol-protective effect
on human NPC ferroptosis.
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posttranscriptional level via an iron-regulatory element in
the 5′-untranslated region of FPN mRNA and at the post-
translational level via direct interaction between FPN and
hepcidin, a peptide hormone. These different regulatory
mechanisms could influence FPN activity at its various sites
of expression [19]. Previous studies have demonstrated that,
at the transcriptional level, MTF1 can induce FPN transcrip-
tion by translocating into the nucleus and binding to the
FPN1 promoter in response to stress situations such as OS
and heavy metal loading [33, 34]. We demonstrated that
the nuclear translocation of MTF1 decreased in TBHP-
induced NPCs, degenerative human NP tissues, and degener-
ative rats’NP samples. TBHP suppressed the nuclear translo-
cation of MTF1, which resulted in the reduced expression of
FPN, intracellular iron overload, and ferroptosis of NPCs.

Hinokitiol, a natural tropolone derivative, exhibits multi-
ple biological activities such as antibacterial, antifungal, anti-
viral, anti-inflammatory, and anticancer. This compound has
been used to treat decubitus ulcers, pulmonary tuberculosis,
and lung gangrene in clinical practice [22, 51]. Hinokitiol
inhibits platelet activation by suppressing the formation of
hydroxyl radicals and attenuating the activation of Akt and
MAPKs during antithrombotic activity in vivo [52]. Inhibi-
tion of JNK1/2 phosphorylation by hinokitiol suppressed
mouse melanoma cell migration [22]. The current study
demonstrated that hinokitiol increases nuclear translocation
of MTF1, restores the function of FPN, and alleviates
TBHP-induced NPC ferroptosis by suppressing the JNK
pathway (Figure 7). Also, hinokitiol ameliorated IVDD pro-
gression in vivo. Our study has some limitations. Although
our study found that TBHP attenuated ferroptosis in human
NPCs by reducing FPN via MTF1, further investigation is
warranted to elucidate the mechanisms underlying TBHP
and MTF1 interaction. Furthermore, only a ferroptosis-
associated decrease in human NPCs subjected to OS was
investigated in our study. Additional investigations are war-
ranted to confirm the universality of ferroptosis in IVDD
via the simulation of other stress factors, such as inflamma-
tion, hypoxia, and compression.

5. Conclusions

To the best of our knowledge, the current study is the first to
demonstrate the protective role of FPN in ferroptosis of
human NPCs and the pathogenesis of IVDD. Furthermore,
we revealed that TBHP downregulated FPN expression by
reducing the nuclear translocation of MTF1, which causes
intracellular iron overload and ferroptosis in human NPCs.
Moreover, hinokitiol alleviated TBHP-induced OS and fer-
roptosis of NPCs by restoring the FPN function. Therefore,
we inferred that repairing FPN function and inhibiting fer-
roptosis in human NPCs may be potentially effective thera-
peutic targets against OS-associated IVDD.
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Oxidative stress and subsequent nucleus pulposus (NP) cell apoptosis are important contributors to the development of
intervertebral disc degeneration (IDD). Emerging evidences show that long noncoding RNAs (lncRNAs) play a role in the
pathogenesis of IDD. In this study, we investigated the role of lncRNA ANPODRT (anti-NP cell oxidative damage-related
transcript) in oxidative stress and apoptosis in human NP cells. We found that ANPODRT was downregulated in degenerative
NP tissues and in NP cells treated with tert-butyl hydroperoxide (TBHP, the oxidative stress inducer). ANPODRT
overexpression alleviated oxidative stress and apoptosis in NP cells exposed to TBHP, while ANPODRT knockdown exerted
opposing effects. Mechanistically, ANPODRT facilitated nuclear factor E2-related factor 2 (Nrf2) accumulation and nuclear
translocation and activated its target genes by disrupting the kelch-like ECH-associated protein 1- (Keap1-) Nrf2 association in
NP cells. Nrf2 knockdown abolished the antioxidative stress and antiapoptotic effects of ANPODRT in NP cells treated with
TBHP. Collectively, our findings suggest that ANPODRT protects NP cells from oxidative stress and apoptosis, at least partially,
by activating Nrf2 signaling, implying that ANPODRT may be a potential therapeutic target for IDD.

1. Introduction

Low back pain (LBP), one of the most common health issues,
is a leading cause of disability worldwide and results in an
enormous global economic and public health burden [1].
Intervertebral disc (IVD) degeneration (IDD) and secondary
pathomorphological changes in spine structure are widely
acknowledged as the major causes of LBP [2, 3]. The IVD
consists of three interrelated structures: the nucleus pulposus
(NP), the annulus fibrosus, and the cartilaginous endplates.
The centrally situated NP allows the IVD to maintain a high
water content and withstand different patterns of mechanical
stress [4]. Excessive NP cell apoptosis disrupts normal
metabolic activity within the NP, thus disrupting the normal
IVD structure and physiological function, which is a key con-
tributor to IDD initiation and progression [5, 6].

Oxidative stress results from an imbalance between the
production of reactive oxygen species (ROS) and scavenging

capacity of the antioxidant system [7]. Oxidative stress leads
to the damage of nucleic acids, lipids, and proteins through
the production of high levels of ROS, which leads to cytotox-
icity. Recent studies have verified the presence of oxidative
stress and increased concentrations of oxidation products
in degenerated discs [8, 9]. Furthermore, oxidative stress
and its induced mitochondrial pathway play an important
role in NP cell apoptosis and IDD [10–13]. We and others
have previously reported that amelioration of oxidative stress
and subsequent NP cell apoptosis has a therapeutic effect on
IDD progression [14–16]. Therefore, an understanding of the
underlying pathway regulating oxidative stress and subse-
quent NP cell apoptosis would significantly benefit IDD
treatment.

Antioxidant system plays an important role in the occur-
rence of oxidative stress. The Keap1-Nrf2 signaling cascade is
considered a central hub that neutralizes ROS and restores
cellular redox balance [17–20]. Under resting conditions,
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Nrf2 activity is tightly restricted through its interaction with
Keap1 in the cytoplasm. Keap1 reportedly serves as a sub-
strate scaffold for Cul3-containing E3 ubiquitin ligase, which
can induce ubiquitin-proteasome degradation of Nrf2 [17].
Upon dissociation from Keap1, Nrf2 is translocated into
the nucleus, where it initiates the transcription of a battery
of antioxidative and cellular defense targets to counteract
oxidative stress and modulate redox balance [20]. In a mouse
model of IDD, degenerative changes in IVDs in Nrf2-
knockout mice were more severe than those in wild-type
mice [3]. We previously reported that the activation of the
Nrf2 cascade is an effective strategy to protect human disc
cells from oxidative damage and prevent IDD progression
[14, 15]. Therefore, Nrf2 signal plays an important role in
IDD characterized by oxidative stress.

Long noncoding RNAs (lncRNAs) are a large and
diverse class of ncRNAs whose transcripts are >200nt with
limited or no protein-coding capacity. Increasing evidence
indicates that lncRNAs are implicated in almost all physio-
logical and pathological processes, including IDD [21, 22].
Numerous lncRNAs are dysregulated in IDD. LncRNAs
are reportedly upregulated in IDD include RP11-296A18.3
[23], TUG1 [24], HCG18 [25], SNHG1 [26], and NEAT1
[27]. LncRNAs reportedly downregulated in IDD include
linc-ADAMTS5 [22], MALAT1 [28], and MAGI2-AS3
[29]. In addition, SNHG6 functions as a promoter of NP cell
apoptosis by regulating miR-101-3p [30]. NEAT1 downreg-
ulation suppressed advanced glycation end product-induced
apoptosis in NP cells [31]. Although several lncRNAs have
been studied in IDD, >58,000 lncRNAs have been identified
in human cells, compared to 21,000 protein-coding genes in
human cells [32]. Therefore, other lncRNAs potentially play
a vital role in IDD development, which requires further
investigation.

Many lncRNAs dysregulated in IDD have been previ-
ously identified through a lncRNA microarray analysis
[33]. Among these differentially expressed lncRNAs,
lncRNA AC068196.1 was significantly downregulated in
IDD. We named lncRNA AC068196.1 as anti-NP cell oxi-
dative damage-related transcript (ANPODRT). This study
investigated the role of ANPODRT in oxidative stress and
apoptosis in human NP cells. We showed that ANPODRT
alleviates oxidative stress and apoptosis in human NP cells,
and the activation of the Keap1-Nrf2 signaling cascade is
involved in this process. Our results provide novel insights
into the mechanism of oxidative stress and apoptosis in NP
cells, with therapeutic implications for treating IDD.

2. Material and Methods

2.1. Tissue Specimens and Cell Culture. This study was
approved by the Ethics Committee of Tianjin Medical Uni-
versity General Hospital, and written informed consent was
obtained from each donor. Nucleus pulposus specimens were
collected from 16 IDD patients (3 males and 2 females, grade
II; 2 males and 1 female, grade III; 2 males and 2 females,
grade IV; 1 male and 3 females, grade V). Nucleus pulposus
cell isolation and culture were carried out as previously
described [34]. Five human NP tissues (grade II) were used

for NP cell isolation. Briefly, the NP tissue samples were sep-
arated, cut into small pieces, and treated with 0.25% trypsin
(Gibco) for 30min and then 0.2% type II collagenase (Invi-
trogen) for 4 h at 37°C. After isolation, the NP cells were
resuspended in DMEM/F12 containing 15% fetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin and
incubated at 37°C in a humidified 5% CO2 atmosphere. The
culture medium was replaced every three days. When the
NP cells grew to 80% confluence, they were detached by tryp-
sinization and passed for expansion. Fluorescently labeled
antibodies against NP cell markers (CD24 and KRT18) were
used to identify the phenotype of NP cells, as described
previously [35]. Cells from the second passage were used in
subsequent experiments.

2.2. Cell Transfection. The siRNA targeting ANPODRT,
Keap1, Nrf2, and appropriate negative controls were obtained
from RiboBio. The overexpression plasmids containing
ANPODRT and the matched negative control plasmid were
obtained from GeneChem. Cell transfections were performed
with lipofectamine 2000 (Invitrogen) based on provided
instructions.

2.3. Cell Viability Assay. According to the manufacturer’s
instructions, the viability of human NP cells was assessed
using a cell counting kit (CCK-8; Dojindo). Briefly, the
cells were seeded in 96-well plates and exposed to corre-
sponding treatments. Subsequently, the cells were incu-
bated with 10μL CCK-8 solution at 37°C for 2 hours.
The absorbance at 450 nm was measured using a spectro-
photometer (BioTek).

2.4. Measurement of ROS and Malondialdehyde (MDA)
Level. After corresponding treatment, the ROS and MDA
level in human NP cells were measured using kit for ROS
(Beyotime) and MDA (Beyotime), respectively, as per manu-
facturer instructions.

2.5. Flow Cytometry. Apoptosis levels in human NP cells
from each treatment group were assessed using an Annexin
V-APC/7-AAD Apoptosis Detection Kit (Yeasen) as previ-
ously described. After labelling, samples were examined
using a FACSCalibur flow cytometer (BD Biosciences).

2.6. Western Blotting and Coimmunoprecipitation (Co-IP).
After cell treatments, protein samples from NP cells were
extracted using commercial kits (Beyotime) according to
the manufacturer’s instructions. Protein concentrations were
determined with a BCA Protein Assay Kit (Beyotime). Equal
amounts of protein from each sample were separated using
SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked with 7.5% nonfat milk for 1 hour
and then incubated at 4°C overnight with the following pri-
mary antibodies: cytochrome c, cleaved caspase-3, Nrf2, and
Keap1. GAPDH and LaminB were used as internal controls.
The membranes were subsequently incubated with the
respective secondary antibodies at room temperature for 1
hour. Protein bands were visualized by the enhanced chemi-
luminescence method (Amersham Biosciences) according to
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the manufacturer’s instructions. Band intensities were quan-
tified using the ImageJ software (NIH).

For Co-IP analysis, anti-Keap1 or control IgG was used
as the primary antibody, and then the antibody-protein
complex was following incubated with Protein A/G PLUS-
Agarose. The agarose-antibody-protein complex was col-
lected and then analyzed by Western blotting.

2.7. RNA Extraction and Quantitative Real-Time PCR (qRT-
PCR). After treatments of human NP cells in the different
groups, total RNA was extracted using a TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and reverse-transcribed
using a Transcriptor First Strand cDNA Synthesis Kit
(Takara Biotechnology, Otsu, Japan). qRT-PCR was con-
ducted using SYBR Green Kit Master Mix (Applied Biosys-
tems, Foster City, CA, USA), and the products were
analyzed using an ABI 7500 Sequencing Detection System,
according to the manufacturer’s instructions. GAPDH was
used as an internal control.

2.8. Statistical Analysis. Data are presented as the mean ±
standard deviation ðSDÞ of at least three independent experi-
ments and were analyzed using the SPSS version 18.0 soft-

ware (SPSS Inc, Chicago, IL, USA). Differences between
groups were evaluated using Student’s t-test or one-way anal-
ysis of variance (ANOVA) followed by Tukey’s test. p < 0:05
was considered statistically significant.

3. Results

3.1. ANPODRT Was Downregulated in Degenerative NP
Tissues and TBHP-Stimulated NP Cells. ANPODRT is signif-
icantly downregulated in degenerative NP tissues. To investi-
gate the association between ANPODRT and IDD, NP
tissues of patients with different degrees of degeneration were
harvested to determine the ANPODRT expression levels
through qRT-PCR. As shown in Figure 1(a), in this study,
ANPODRT was downregulated in NP tissues with the degree
of disc degeneration. Since oxidative stress is an essential
contributor to IDD pathophysiology, TBHP, an exogenous
ROS donor, was applied to establish an IDD model in vitro.
The CCK-8 assay revealed that TBHP inhibited NP cell via-
bility (Figure 1(b)). Notably, TBHP treatment downregulated
ANPODRT in a dose- and time-dependent manner in
human NP cells (Figures 1(c) and 1(d)). These results indi-
cate that ANPODRT is potentially associated with IDD.
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Figure 1: ANPODRT was downregulated in degenerative NP tissues and TBHP-stimulated NP cells. (a) The expression of ANPODRT from
NP tissues of different degrees of IDD patients was analyzed by qRT-PCR. ∗p < 0:05 and ∗∗∗p < 0:001 versus Pfirrmann grade II group. (b)
CCK-8 assay was used to determine the cytotoxic effects of TBHP on human NP cells by treating the cells with various concentrations of
TBHP for durations of 24 h. (c) The expression of ANPODRT in human NP cells that treated with different TBHP concentrations for
24 h. (d) The expression of ANPODRT in human NP cells that treated with 45 μM TBHP for different time. Data are represented as the
mean ± SD. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 versus control group.
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Figure 2: Continued.
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3.2. ANPODRT Overexpression Attenuates TBHP-Induced
Oxidative Stress and Apoptosis in Human NP Cells. To deter-
mine whether ANPODRT plays a role in the TBHP-induced
IDD model in vitro, we used an ANPODRT expression vec-
tor to overexpress ANPODRT in TBHP-treated human NP
cells. qRT-PCR confirmed the overexpression efficiency
(Figure 2(a)). Oxidative stress and its induced mitochondrial
pathway-mediated apoptosis of NP cells play an important
role in IDD pathogenesis. Therefore, indicators of oxidative
stress and mitochondrial apoptotic pathway were subse-
quently assessed. The CCK-8 assay revealed that ANPODRT
overexpression inhibited the reduction in NP cell viability
induced by TBHP (Figure 2(b)). Furthermore, ROS and
MDA levels were determined to evaluate oxidative stress
levels in human NP cells. As shown in Figures 2(c) and
2(d), TBHP treatment elevated the ROS and MDA levels,
which was suppressed by ANPODRT overexpression. More-
over, flow cytometry revealed that ANPODRT overexpres-
sion alleviated the TBHP-induced increase in NP cell
apoptosis (Figure 2(e)). Mitochondrial cytochrome c (cyt c)
release and caspase-3 activation induced by cyt c are impor-
tant features of mitochondrial pathway-mediated apoptosis.
We found that protein levels of cytoplasmic cyt c and
cleaved caspase-3 were significantly increased in human
NP cells treated with TBHP, and these TBHP-induced alter-
ations were prevented through ANPODRT overexpression
(Figures 2(f)–2(h)).

3.3. ANPODRT Knockdown Aggravates TBHP-Induced
Human NP Cell Injury. To investigate the role of ANPODRT
in the TBHP-induced IDDmodel in vitro, ANPODRT expres-
sion was knocked down using siRNA in TBHP-treated human

NP cells. As shown in Figure 3(a), qRT-PCR analysis revealed
that ANPODRT downregulation induced by TBHP in human
NP cells was aggravated through transfection with si-
ANPODRT. Functional studies revealed that contrary to
ANPODRT overexpression, ANPODRT knockdown further
exacerbated TBHP-induced oxidative stress and apoptosis in
human NP cells, as manifested by a reduction in cell viability
(Figure 3(b)) and an increase in ROS accumulation
(Figure 3(c)), MDA production (Figure 3(d)), apoptosis rate
(Figure 3(e)), cytoplasmic cyt c level (Figures 3(f) and 3(g)),
and cleaved caspase-3 level (Figures 3(f) and 3(h)).

3.4. ANPODRT Activates Nrf2 Signaling in Human NP Cells.
Nrf2 is a key regulator of the cellular antioxidative defense
system. The activation of Nrf2 signaling can efficiently protect
human intervertebral disc cells from oxidative stress. To fur-
ther investigate the mechanism underlying ANPODRT-
mediated inhibition of oxidative injury in human NP cells,
we examined whether ANPODRT expression affects Nrf2
signaling. Our results show that ANPODRT overexpression
significantly increased the protein level of Nrf2 in human
NP cells. In contrast, ANPODRT knockdown markedly
downregulated Nrf2 protein (Figures 4(a)–4(d)). Remarkably,
Nrf2 mRNA levels were not altered through ANPODRT over-
expression or knockdown (Figures 4(e) and 4(f)). These
results indicate that ANPODRT positively regulated Nrf2
accumulation, which was not observed at the transcriptional
level. Furthermore, we investigated the regulation of
ANPODRT on the intracellular distribution of Nrf2 protein.
As shown in Figures 4(g)–4(j), ANPODRT overexpression
increased Nrf2 nuclear translocation, while ANPODRT
knockdown decreased it. Nuclear Nrf2 can bind to the
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Figure 2: ANPODRT overexpression attenuates TBHP-induced oxidative stress and apoptosis in human NP cells. Human NP cells were
transfected with ANPODRT overexpression vector (oe-ANPODRT) or negative control (oe-NC) and then exposed to TBHP. (a) The
expression of ANPODRT in human NP cells was detected by qRT-PCR. (b) Cell viability of human NP cells was detected by CCK-8
assay. (c) Intracellular ROS production and (d) MDA level in the human NP cells. (e) Annexin V-APC/7-AAD staining results showing
the rate of apoptosis in human NP cells. (f–h) The protein levels of cytoplasmic cytochrome c (cyto-cyt c) and cleaved caspase-3 (c-
caspase-3) in the human NP cells were measured by Western blotting. Data are represented as the mean ± SD. ∗∗p < 0:01 and ∗∗∗p < 0:001
versus control group; ##p < 0:01 and ###p < 0:001 versus TBHP+oe-NC group.
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antioxidant response element and then activate its target genes
to counteract oxidative stress and modulate redox status bal-
ance. To evaluate the transcriptional activity of Nrf2, mRNA
expression of well-established Nrf2-dependent genes, includ-
ing HO1 and NQO1, were detected through qRT-PCR. We
found that HO1 and NQO1mRNA levels were increased after
ANPODRT overexpression in human NP cells, while those of
HO1 andNQO1were decreased after ANPODRT knockdown
(Figures 4(k)–4(n)). Collectively, these results suggest that
ANPODRT promotes accumulation, nuclear translocation,
and Nrf2 activation in human NP cells.

3.5. ANPODRT Disrupts the Keap1-Nrf2 Complex Formation
in Human NP Cells. Furthermore, we investigated how
ANPODRT regulates Nrf2 signaling in human NP cells.
Nrf2 can not only be captured by Keap1, but also undergo
Keap1-mediated ubiquitination and subsequent proteasomal
degradation. Consequently, the proteasome inhibitor MG132
increased Nrf2 protein levels (Figures 5(a)–5(d)). Notably,
MG132 also abolished the regulation of ANPODRT overex-
pression or knockdown on Nrf2 expression (Figures 5(a)–
5(d)). The present data indicate that proteasomal Nrf2
degradation is involved in Nrf2 regulation by ANPODRT.
Furthermore, Nrf2 degradation may be induced in a Keap1-
independent manner. Therefore, we investigated whether
Keap1 is involved in ANPODRT-induced Nrf2 accumulation
in human NP cells. These results indicate that in Keap1-
knockdown human NP cells, ANPODRT overexpression
and knockdown were both ineffective in regulating Nrf2 accu-
mulation (Figures 5(e)–5(h)) and Nrf2-dependent gene (HO1
and NQO1) expression (Figures 5(i) and 5(j)), suggesting that
ANPODRT regulates Nrf2 accumulation primarily by inter-

fering with Keap1. Nonetheless, Keap1 expression was not
affected through ANPODRT expression (Figures 5(k)–5(n)).
Therefore, we speculated that ANPODRT potentially dis-
rupts the Keap1-Nrf2 association. To investigate this possi-
bility, we analyzed the association between Keap1 and Nrf2
in human NP cells after ANPODRT overexpression or
knockdown. Co-IP assays revealed that ANPODRT overex-
pression reduced the association between Keap1 and Nrf2
in human NP cells (Figure 5(o)). In contrast, the association
between Keap1 and Nrf2 was increased upon ANPODRT
knockdown (Figure 5(p)). Together, these findings suggest
that ANPODRT induces the dissociation of the Keap1-
Nrf2 complex, thus activating the Nrf2 cascade in human
NP cells.

3.6. Nrf2 Activation Is Required for ANPODRT-Induced
Human NP Cell Protection against Oxidative Injury. The
present results show that ANPODRT overexpression acti-
vates the Nrf2 cascade and protects human NP cells from
oxidative injury. To confirm whether Nrf2 mediates the
protective effects of ANPODRT, rescue experiments were
performed through siRNA-mediated Nrf2 silencing. West-
ern blotting confirmed the Nrf2 knockdown efficiency
(Figures 6(a) and 6(b)). Importantly, the protection of
ANPODRT overexpression against TBHP-induced oxidative
stress and apoptosis in human NP cells was reversed through
Nrf2 knockdown, as indicated through the results of ROS
levels (Figure 6(c)), MDA production (Figure 6(d)), apopto-
sis rate (Figure 6(e)), cytoplasmic cyt c levels (Figures 6(f)
and 6(g)), and cleaved caspase-3 levels (Figures 6(f) and
6(h)). Together, these results indicate that the effects of
ANPODRT overexpression-induced antioxidative injury
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Figure 3: ANPODRT knockdown aggravates TBHP-induced human NP cell injury. Human NP cells were transfected with short interfering
RNA (siRNA) against ANPODRT (si-ANPODRT) or negative control (si-NC) and then exposed to TBHP. (a) The expression of ANPODRT
in human NP cells was detected by qRT-PCR. (b) Cell viability of human NP cells was detected by CCK-8 assay. (c) Intracellular ROS
production and (d) MDA level in the human NP cells. (e) Annexin V-APC/7-AAD staining results showing the rate of apoptosis in
human NP cells. (f–h) The protein levels of cytoplasmic cytochrome c (cyto-cyt c) and cleaved caspase-3 (c-caspase-3) in the human NP
cells were measured by Western blotting. Data are represented as the mean ± SD. ∗∗p < 0:01 and ∗∗∗p < 0:001 versus control group;
#p < 0:05, ##p < 0:01, and ###p < 0:001 versus TBHP+si-NC group.

7Oxidative Medicine and Cellular Longevity



Nrf2 (110 kDa)

GAPDH (37 kDa)

oe
-N

C

oe
-A

N
PO

D
RT

(a)

Nrf2 (110 kDa)

GAPDH (37 kDa)

si-
N

C

si-
A

N
PO

D
RT

(b)

oe-NC oe-ANPODRT
0

1

2

3

4

Re
lat

iv
e p

ro
te

in
 le

ve
l

Nrf2

⁎⁎⁎

(c)

Re
lat

iv
e p

ro
te

in
 le

ve
l

si-NC si-ANPODRT
0.0

0.5

1.0

1.5
Nrf2

⁎⁎⁎

(d)

Nrf2

N.S.

Re
lat

iv
e m

RN
A

 le
ve

l

0.0

0.5

1.0

1.5

oe-NC oe-ANPODRT

(e)

Nrf2

N.S.

si-NC si-ANPODRT

Re
lat

iv
e m

RN
A

 le
ve

l

0.0

0.5

1.0

1.5

(f)

Nrf2 (110 kDa)

LaminB (66 kDa)

Nucleus

oe
-N

C

oe
-A

N
PO

D
RT

Nrf2 (110 kDa)

GAPDH (37 kDa)

Cytoplasm

oe
-N

C

oe
-A

N
PO

D
RT

(g)

Figure 4: Continued.

8 Oxidative Medicine and Cellular Longevity



Nucleus Cytoplasm

Nrf2 (110 kDa)

LaminB (66 kDa)

Nrf2 (110 kDa)

GAPDH (37 kDa)

si-
N

C

si-
A

N
PO

D
RT

si-
N

C

si-
A

N
PO

D
RT

(h)

Nucleus Cytoplasm
0.0

0.5

1.0

1.5

2.0

2.5

Re
lat

iv
e p

ro
te

in
 le

ve
l

oe-NC
oe-ANPODRT

N.S.

⁎⁎

(i)

si-NC
si-ANPODRT

N.S.

Re
lat

iv
e p

ro
te

in
 le

ve
l

0.0

0.5

1.0

1.5

Nucleus Cytoplasm

⁎⁎

(j)

oe-NC oe-ANPODRT
0

1

2

3

4

Re
lat

iv
e m

RN
A

 le
ve

l

HO1

⁎⁎⁎

(k)

HO1

si-NC si-ANPODRT
0.0

0.5

1.0

1.5

Re
lat

iv
e m

RN
A

 le
ve

l

⁎

(l)

oe-NC oe-ANPODRT
0

1

2

3

4

5

Re
lat

iv
e m

RN
A

 le
ve

l

NQO1

⁎⁎⁎

(m)

NQO1

si-NC si-ANPODRT
0.0

0.5

1.0

1.5

Re
lat

iv
e m

RN
A

 le
ve

l

⁎⁎

(n)

Figure 4: ANPODRT activates Nrf2 signaling in human NP cells. (a–d) The protein expression of Nrf2 in human NP cells transfected with
oe-ANPODRT, si-ANPODRT, or negative control was measured byWestern blotting. (e, f) The mRNA expression of Nrf2 in human NP cells
transfected with oe-ANPODRT, si-ANPODRT, or negative control was measured by qRT-PCR. (g–j) The protein expression of nucleus Nrf2
and cytoplasm Nrf2 was measured byWestern blotting. (k–n) The mRNA expression of HO1 and NQO1 in human NP cells transfected with
oe-ANPODRT, si-ANPODRT, or negative control was measured by qRT-PCR. Data are represented as themean ± SD. ∗p < 0:05, ∗∗p < 0:01,
and ∗∗∗p < 0:001 versus si-NC/oe-NC group; N.S.: not significant.
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depend on the activation of the Nrf2 cascade in human NP
cells.

4. Discussion

Although numerous studies have reported the important
roles and clinical significance of lncRNAs in various diseases,
the functional roles of most of these molecules are unknown,
particularly in the context of IDD [36–38]. In this study, we
investigated the expression and function of ANPODRT in
IDD.We observed a decreasing trend for ANPODRT expres-
sion during IDD pathogenesis, and the well-recognized oxi-
dative stress inducer TBHP downregulated ANPODRT in
human NP cells in a dose- and time-dependent manner.
Gain-of-function and loss-of-function assays indicated that
ANPODRT overexpression suppressed oxidative stress and
apoptosis in TBHP-treated human NP cells, while
ANPODRT knockdown exerted opposing effects. Mechanis-
tically, these results show that ANPODRT disrupted the
Keap1-Nrf2 association, inducing Nrf2 accumulation and
nuclear translocation and the expression of Nrf2 target genes
in human NP cells. Nrf2 knockdown abolished lncRNA-
induced antioxidative stress and antiapoptotic effects in
TBHP-treated human NP cells. These data indicate that

ANPODRT inhibits oxidative stress and apoptosis in human
NP cells, thus highlighting it as a potential target for IDD
treatment.

Accumulating evidence indicates that degenerated IVDs
exhibit increased ROS levels, which contributes to IDD
pathogenesis. Furthermore, TBHP has several advantages
over H2O2, such as high stability and gradual release.
Accordingly, previous reports support the in vitro TBHP-
induced IDD model used herein [39, 40]. Apoptosis can
be initiated by the extrinsic death receptor pathway and
the intrinsic mitochondrial apoptosis pathway. The latter
has been confirmed to be deeply involved in the increased
NP cell death in IDD pathogenesis [16, 39]. Oxidative
stress-induced dysfunctional mitochondria can release
proapoptotic proteins to form the apoptosome and activate
caspase cascades for NP cell apoptosis. Cytoplasmic trans-
location of mitochondrial cyt c and caspase-3 activation
induced by cyt c are characteristics of NP cell apoptosis
through the mitochondrial pathway [41]. Several lncRNAs
reportedly participate in oxidative stress and the mitochon-
drial apoptosis pathway. For example, Niu et al. reported
that lncRNA Oip5-as1 suppresses microRNA-29a, thus
activating the SIRT1/AMPK/PGC1αpathway, which attenu-
ates oxidative stress and mitochondria-mediated apoptosis
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Figure 5: ANPODRT disrupts the Keap1-Nrf2 complex formation in human NP cells. (a–d) Human NP cells were transfected with oe-
ANPODRT, si-ANPODRT, or negative control followed by MG132 treatment. The protein level of Nrf2 in human NP cells was measured.
(e–h) The protein level of Keap1 and Nrf2 in human NP cells transfected using oe-ANPODRT/si-ANPODRT and si-Keap1. (i, j) The
mRNA level of HO1 and NQO1 in human NP cells transfected using oe-ANPODRT/si-ANPODRT and si-Keap1. (k–n) The protein level
of Keap1 in human NP cells transfected with oe-ANPODRT, si-ANPODRT, or negative control. (o, p) After oe-ANPODRT/si-
ANPODRT transfection, the interaction between Keap1 and Nrf2 was determined by Co-IP assay. Data are represented as the mean ± SD.
∗∗∗p < 0:001 versus control group; N.S.: not significant.

12 Oxidative Medicine and Cellular Longevity



Nrf2 (110 kDa)

GAPDH (37 kDa)

si-
N

C

si-
N

rf2

(a)

si-NC si-Nrf2
0.0

0.5

1.0

1.5

Re
lat

iv
e p

ro
te

in
 le

ve
l

Nrf2

⁎⁎

(b)

##

TBHP

oe-ANPODRT
si-Nrf2

+–
– – +

+

0.0

0.5

1.0

1.5

Re
la

tiv
e R

O
S 

le
ve

l

⁎⁎

(c)

##

TBHP

oe-ANPODRT
si-Nrf2

+–
– – +

+
0.0

0.5

1.0

1.5

Re
lat

iv
e M

D
A

 le
ve

l

⁎⁎

(d)

0

10

20

30

40

A
po

pt
os

is 
ra

te
 (%

)

#

TBHP

oe-ANPODRT
si-Nrf2

+–
– – +

+

⁎⁎

(e)

cyto-cyt c (14 kDa)

cyto-GAPDH (37 kDa)

c-caspase-3 (17 kDa)

GAPDH (37 kDa)

oe-ANPODRT

si-Nrf2

– + +

– – +

TBHP

(f)

Figure 6: Continued.

13Oxidative Medicine and Cellular Longevity



during myocardial ischemia/reperfusion injury [42]. Li et al.
reported that lncRNA H19 overexpression attenuates
H2O2-induced cardiomyocyte injury by suppressing micro-
RNA-877-3p/Bcl-2 pathway-mediated mitochondrial apo-
ptosis [43]. However, the role of ANPODRT in oxidative
stress and its induction of the mitochondrial apoptosis
pathway in human NP cells remain unknown. Therefore,
we performed a functional analysis of ANPODRT to deter-
mine whether it is involved in oxidative stress and human
NP cell apoptosis during IDD. The present results show
that ANPODRT was downregulated during IDD pathogen-
esis, and oxidative stress induced by TBHP downregulated
ANPODRT. Notably, ANPODRT overexpression attenu-
ated the accumulation of ROS and MDA, suppressed the
upregulation of cytoplasmic-cyto-c and cleaved caspase-3,
and inhibited the elevation of the apoptotic rate in human
NP cells stimulated with TBHP. These effects were reversed
through ANPODRT inhibition. These findings suggest that
ANPODRT inhibits oxidative stress and apoptosis in
human NP cells.

Mechanistically, considering that ANPODRT inhibits
oxidative stress in human NP cells and that the Keap1-Nrf2
complex is an important regulator of oxidative stress, we
investigated whether the Keap1-Nrf2 complex is involved
in the ANPODRT-mediated protective effects in TBHP-
treated human NP cells. Lv et al. reported that eriodictyol-
induced retinal ganglion cell protection against high
glucose-induced oxidative stress and apoptosis is associated
with the activation of Nrf2 signaling [44]. Moreover, along
with direct Nrf2 activation, the disruption of the Keap1-
Nrf2 interaction has been widely studied. Certain internal
disruptors including p62 [45], iASPP [17], and lncRNA-
Sox2OT [46] reportedly interfere with the Keap1-Nrf2 com-
plex, thus decreasing the Keap1-Nrf2 interaction and subse-
quently activating Nrf2 signaling, ultimately affecting the
antioxidative status of the cell. Lu et al. reported that

CPUY192018, a potent inhibitor of the Keap1-Nrf2 interac-
tion, alleviates renal inflammation in mice by restricting oxi-
dative stress and NF-κB activation [19]. The present results
show that ANPODRT induced Keap1-Nrf2 disassociation,
leading to Nrf2 protein accumulation and nuclear transloca-
tion and the expression of Nrf2 targets, including HO1 and
NQO1, in human NP cells. Furthermore, Nrf2 knockdown
almost obliterated ANPODRT-induced protection of human
NP cells against oxidative stress and apoptosis. These results
suggest that Nrf2 activation is required for ANPODRT-
induced cytoprotective effects in TBHP-treated human NP
cells.

There are several difficulties in isolating and culturing NP
cells. For the isolation of NP cells, because excessive enzyme
digestion will destroy the cells, we cut the NP tissue into
small pieces as much as possible, so that the tissue can be in
better contact with the enzyme, thus shortening the enzyme
digestion time. In the process of primary cell culture, we
use penicillin and streptomycin to solve the problem that pri-
mary cell culture is easy to be contaminated.

3D culture and hypoxic environment are two aspects that
cannot be ignored in the study of IDD. The physiological
properties of the intervertebral disc are linked to the structure
of its extracellular matrix (ECM) [5]. The ECM in healthy
intervertebral disc is a 3D network of natural nanoscale
fibers. NP cells in vivo are surrounded by ECM. NP cells
can easily lose their phenotype characteristics in monolayer
growth [47]. In addition, there are steep gradients in oxygen
concentrations across the avascular intervertebral disc, with
O2 falling to as low as 1% in the center of a large disc [48].
A low oxygen tension environment plays a vital role in main-
taining intervertebral disc physiological function, including
matrix synthesis and even cell metabolism [49]. Studies have
shown that a physiological oxygen of 1% appears to promote
the best NP phenotype for bovine intervertebral disc cells in
alginate [48]. In addition, Pei et al. have reported that low
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Figure 6: Nrf2 activation is required for ANPODRT-induced human NP cell protection against oxidative injury. (a, b) The protein level of
Nrf2 in human NP cells transfected with si-Nrf2 or negative control. ∗∗p < 0:01 versus si-NC group. (c–h) Human NP cells were transfected
with oe-ANPODRT and si-Nrf2 followed by TBHP treatment. (c) Intracellular ROS production and (d) MDA level in the human NP cells. (e)
Annexin V-APC/7-AAD staining results showing the rate of apoptosis in human NP cells. (f–h) The protein levels of cytoplasmic cytochrome
c (cyto-cyt c) and cleaved caspase-3 (c-caspase-3) in the human NP cells were measured by Western blotting. Data are represented as the
mean ± SD. ∗∗p < 0:01 and ∗∗∗p < 0:001 versus TBHP treatment only group; #p < 0:05, ##p < 0:01, and ###p < 0:001 versus TBHP+oe-
ANPODRT group.
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oxygen tension (5%) enhanced the ECM synthesis of porcine
NP cells in a pellet culture system [50]. Therefore, the appli-
cation of 3D culture in hypoxia can better reflect the actual
environment of intervertebral disc. The role of lncRNA in
IDD needs more investigations in 3D culture under hypoxia
in the future.

Another limitation of this study was that our experiments
were performed in vitro, and in vitro results may not directly
reflect the clinical settings. Thus, in vivo experiments are
needed to confirm the role of ANPODRT in IDD and to
increase our understanding of the molecular mechanisms
underlying this effect.

In summary, this study shows that ANPODRT protects
human NP cells from oxidative stress and apoptosis, at least
partially, by interfering with Keap1-Nrf2 association and
activating Nrf2-mediated antioxidant system. Our findings
further the current understanding of the pathomechanism
of IDD and suggest that ANPODRT is a potentially promis-
ing therapeutic target for IDD.
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Objective. Intervertebral disc degeneration (IDD) and low back pain caused by IDD have attracted public attention owing to their
extremely high incidence and disability rate. Oxidative stress is a major cause of IDD. Tea polyphenols (TP) are natural-derived
antioxidants extracted from tea leaves. This study explored the protective role of TP on the nucleus pulposus cells (NPCs) of
intervertebral discs and their underlying mechanism. Methods. An in vitro model of H2O2-induced degeneration of NPCs was
established. RT-qPCR and western blotting were used to detect the mRNA and protein expression of the targets. An in vivo
model of IDD was established via acupuncture of the intervertebral disc. Radiological imaging and histological staining were
performed to evaluate the protective role of TP. Results. H2O2 contributed to NPC degeneration by inducing high levels of
oxidative stress. TP treatment effectively increased the expression of nucleus pulposus matrix-associated genes and reduced the
expression of degeneration factors. Further mechanistic studies showed that TP delayed H2O2-mediated NPC degeneration by
activating the Keap1/Nrf2/ARE pathway. In vivo experiments showed that TP delayed the degeneration of NPCs in rats through
the Keap1/Nrf2/ARE pathway. Conclusion. Our study confirmed that TP activates the Keap1/Nrf2/ARE pathway to exert an
antioxidative stress role, ultimately delaying the degeneration of intervertebral discs.

1. Introduction

Chronic low back pain induced by intervertebral disc degen-
eration (IDD) is limited to symptomatic treatment such as
conservative medication or surgical intervention [1]. Com-
monly used drugs include nonsteroidal anti-inflammatory
drugs, skeletal muscle relaxants, and opioids. However, drug
treatment only temporarily relieves the symptoms and can-
not fundamentally reverse the progression of disc degenera-
tion in patients. Surgical removal of the intervertebral disc
is usually used for patients with severe symptoms. Although
effectively alleviating pain, surgical intervention is risky and
expensive [2]. Moreover, surgical operation destroys the nor-
mal physiological structure of the spine and causes degener-
ation of adjacent segments, which cannot fundamentally
reduce the incidence of disc degeneration. Neither pharma-
ceutical nor surgical treatments can delay IDD progression.

Therefore, it is clinically meaningful to elucidate the patho-
genesis of IDD and develop a novel therapy to prevent disc
degeneration.

It is well known that a variety of factors contribute to
IDD, including inflammation and biomechanical stimula-
tion. Recent studies have shown that oxidative stress plays
an important role in the pathological mechanism of diverse
diseases, including the degeneration of intervertebral discs
[3, 4]. Mitochondrial dysfunction induced by oxidative stress
is related to the pathogenesis of disc degeneration [5, 6]
because mitochondria are the main source of reactive oxygen
species (ROS) in cells. On the one hand, a large amount of
ROS is produced during oxidative stress; on the other hand,
the scavenging function of ROS in the body’s antioxidant sys-
tem is attenuated, disrupting the dynamic balance between
ROS production and elimination [7]. ROS are an important
mediator of the cell signaling network in the intervertebral
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disc cells, regulating matrix metabolism, proinflammatory
reactions, apoptotic cell death, autophagy, and aging [8].
Oxidative stress not only enhances the peripheral matrix deg-
radation and inflammatory response in intervertebral disc
cells but also attenuates cell number and cellular function
in the intervertebral disc microenvironment [9]. In addition,
ROS also modify the peripheral matrix protein, accelerate the
oxidative damage of the extracellular matrix, and damage the
mechanical function of the intervertebral disc [8]. Therefore,
targeting oxidative stress may provide a new perspective for
IDD treatment. A variety of antioxidants are considered
effective drugs for the treatment of IDD [10, 11].

Given their plant origin, tea polyphenols (TP) extracted
from tea leaves are a safer antioxidant than synthetic coun-
terparts. TP are considered to be chain-breaking antioxi-
dants, based on their potential for hydrogen atom transfer
or single electron transfer reactions (SETs). Many studies
have confirmed the antioxidant effects of TP, including
prevention of oxidative stress and regulation of carcinogen
metabolism [12]. In kidney diseases, damage, and toxic
situations, e.g., excessive arginine supply, strong oxidative
radicals, renal toxin, and diabetic nephropathy, TP play a
beneficial role against pathological reactions related to oxida-
tive stress [13]; TP also enhance the antioxidant activity of
liver cells, making them a potential treatment of liver cancer
[14]. Breast cancer cells pretreated with TP become more
sensitive to methotrexate because of the reduction of intracel-
lular ROS. TP also improve the cognitive impairment caused
by chronic cerebral hypoperfusion by regulating oxidative
stress reactions [15].

There is limited research on the effect of TP on the inter-
vertebral disc, especially in the nucleus pulposus tissues.
Given the unique antioxidative stress properties of TP, our
study was aimed at exploring their protective roles in the
nucleus pulposus cells (NPCs) from the intervertebral disc.
The study verified the effect of TP on the nucleus pulposus
using in vitro and in vivo assays.

2. Materials and Methods

2.1. Cell Line, Reagents, and Instruments. Fetal bovine serum,
Dulbecco’s modification of Eagle’s medium (DMEM), Trizol
reagent, a reverse transcription kit, and a SYBR Green Real-
Time PCR Master Mix kit were purchased from Thermo
Fisher Scientific (San Jose, CA, USA). RAPI protein lysates
and a BCA kit were purchased from Invitrogen (Carlsbad,
CA, USA). Primary antibodies against collagen II, aggrecan,
SOX-9, collagen X, MMP3, iNOS, NOX4, SOD2, LDH, T-
AOC, NRF2, KEAP1, and ARE as well as the corresponding
secondary antibodies were purchased fromWuhan Amictech
Technology Co., Ltd. (Wuhan, Hubei, China). A CCK-8 kit
was purchased from Shanghai Yisheng Biotechnology Co.,
Ltd. (Shanghai, China). A microplate reader, a fluorescence
quantitative PCR amplifier, and an electrophoresis and gel
imaging system were purchased from Thermo Fisher Scien-
tific (San Jose, CA, USA); an ultracentrifuge and electropho-
resis tank were purchased from Beijing Liuyi Biotechnology
Co., Ltd. (Beijing, China). TP (epigallocatechin-3-gallate

(ECGC) Scheme 1) was purchased from Hangzhou Yibeijia
Tea Technology Co. Ltd.

2.2. Cell Culturing. Cells (nucleus pulposus cell lines, Crispr-
bio, Beijing, China) were cultured in DMEM containing 10%
fetal bovine serum, 100U/mL penicillin, and 0.1mg/mL
streptomycin at 37°C with 5% CO2. NPCs in the log phase
were digested with trypsin, seeded in a 6-well plate (104

cells/well), and incubated at 37°C for 24 h for later use.

2.3. NPC Viability Assay. NPC cells were seeded in a 96-well
plate at a density of 5 × 103 cells/well and cultured at 37°C in
an incubator for 24 h. CCK-8 solution (10μL) was then
added to each well. After incubation at 37°C for 2 h, optical
absorbance was detected on a microplate reader, with at least
three replicates.

2.4. Quantitative Real-Time PCR (RT-qPCR). Total RNA was
extracted from tissues and cells using Trizol reagent. The
RNA concentration was measured using agarose gel electro-
phoresis and reverse transcribed into cDNA. The mRNA
levels of collagen II, aggrecan, SOX-9, collagen X, MMP3,
iNOS, NOX4, SOD2, LDH, T-AOC, NRF2, KEAP1, and
ARE were detected using a SYBR Green kit, and U6 served
as an internal reference. Primers for gene amplification were
designed using the Primer Premier 5.0 software. PCR reac-
tions were performed at 95°C for 5min, followed by denatur-
ation at 94°C for 30 s and annealing at 60°C for 30 s, with a
total of 45 cycles, in a final volume of 20μL, including 2μL
cDNA, 10μL SYBR Green Mix, 0.5μL upstream and 0.5μL
downstream primers (10μmol/L each), and 7μL dH2O.
Relative gene levels were calculated by the 2-ΔΔCt method.
The experiment was repeated three times independently.
Prime sequence could be found in Table 1.

2.5. Western Blotting. Total proteins were extracted with
RIPA lysis buffer, and their concentration and purity were
measured with a BCA kit. Proteins were subjected to 10%
SDS-PAGE at 80-120V and transferred to polyvinylidene
fluoride (PVDF) membranes at 100mV for 1 h. The mem-
branes were blocked in 5% skimmed milk powder for 1 h
and incubated with the primary antibody (1 : 1,000) over-
night at 4°C. The next day, the membranes were washed three
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Scheme 1: Chemical formula of the tea polyphenols.
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times with Tris-Buffered Saline Tween-20 (TBST) for 5min
and incubated with the secondary antibody (1 : 5,000) at
room temperature for 1 h. After washing the membranes
three times with TBST, protein signals were developed using
an ECL kit; the images were captured using a gel imaging
system and quantitatively analyzed using ImageJ software.
The experiment was repeated three times independently.

2.6. Animal Model. In total, 18 specific pathogen-free (SPF)
male rats, weighing 400 ± 20 g, were purchased from Nanjing
Pengsheng Biotechnology Development Co., Ltd. (Nanjing,
Jiangsu, China). MRI and X-ray examination confirmed no
congenital caudal disc deformity or degeneration. The rats
were randomly divided into three groups using the digital
table method: the degeneration group (normal saline group),
the TP group (100 nM), and the TP+NRF2 siRNA group,
with six rats in each group. The rats were weighed and
intraperitoneally injected with ketamine hydrochloride
(50mg/kg) and piperazine hydrochloride (5mg/kg). After
anesthesia, the rats were fixed and disinfected, and the
co8/9 vertebral space was penetrated to the opposite side
completely and rotated 360° for 30 s using an 18G needle with
X-ray guidance. Immediately, 2μL TP saline (100μM), TP
(100μM)+Nrf2 siRNA(100μM, Santa Cruz Biotech, Santa
Cruz, CA) saline, and an equal amount of normal saline were

injected into the intervertebral discs. Following surgery, rats
had free access to food and water, and urinary retention
and infection were closely monitored. All the experiments,
conducted at the First Affiliated Hospital of Soochow Univer-
sity, were approved by the Ethics Committee and strictly
abide by the “Declaration of Helsinki” (1964) and “Guide-
lines for Ethical Review of Laboratory Animal Welfare”
(GB/T 35892-2018, China).

2.7. MRI Scan. The tails of the rats were exposed to MRI
scans at weeks 1, 2, and 4 after surgery. First, rats were
anesthetized by intraperitoneal injection with ketamine
hydrochloride (50mg/kg) and piperazine hydrochloride
(5mg/kg). The intervertebral disc signal was then obtained
on a 1.5 T magnetic resonance scanner (Philips Eclipse,
Cleveland, OH, USA), with the following parameters of the
T2-weighted sagittal plane: TR/TE, 3,500/102ms; FOV,
15.0; thickness, 3mm; and interval, 0mm. The degree of disc
degeneration was assessed by signal intensity on a T2-
weighted image (T2WI) of the intervertebral disc. The degree
of IDD was evaluated based on T2WI signal intensity, includ-
ing quantitative analysis of T2 phase signal using ImageJ, and
disc grading by the modified Pfirrmann system (Table 2).
The grading was performed independently by two experi-
enced spinal surgeons. When the grades diverged, a third
and more senior spinal surgeon was asked to evaluate the
results, and three spinal surgeons negotiated and gave the
final decision.

2.8. Histology. Following radiological examination, the rats
were euthanized. The Co8/9 intervertebral discs were
removed, fixed with 10% neutral formaldehyde at room tem-
perature for 24 h, decalcified with 15% EDTA for 4 weeks,
embedded, and sectioned. The sectissons were deparaffinized
twice in xylene for 5min, dehydrated in graded ethanol (75%,
1min; 80%, 1min; 95%, 1min; and 100%, 2min), and stained
with hematoxylin for 5min and with eosin for 2min. Mor-
phological changes of discs were observed under a light
microscope and scored according to the classification criteria
described in Table 3.

2.9. Immunohistochemical Staining. Immunohistochemistry
was used to detect the expression of type II collagen, type X
collagen, and SOD2. The sections were deparaffinized with
xylene, dehydrated with graded ethanol, and incubated at
37°C with 3% H2O2 for 10min. After being washed three
times in PBS, the sections were boiled in 0.01M citrate buffer
(95°C, 15-20min) and blocked in goat serum at 37°C for
10min. The sections were then incubated with the primary
antibody at 4°C overnight and the biotin-labeled secondary
antibody (BioWorld, Visalia, CA, USA) at 37°C for 30min.
The sections were counterstained with hematoxylin and
observed under a light microscope.

2.10. Statistical Analysis. The SPSS 18.0 software was used for
statistical analysis. Differences between the two groups were
analyzed using the t-test, and differences between multiple
groups were analyzed using one-way analysis of variance.
GraphPad Prism 8.2 was used to draw relevant figures.
Values of P < 0:05 indicated statistical significance.

Table 1: Prime sequence.

iNOS
F: 5′-GATCA ATAAC CTGAA GCCCG-3′
R: 5′-GCCCT TTTTT GCTCC ATAGG-3′

NOX4
F: 5′-GAACCTCAACTGCAGCCTGATC-3′
R: 5′-CTTGTCAACAATCTTCTTCTTCTC-3′

SOD2
F: 5′-CTGGCCAAGGGAGATGTTAC-3′
R: 5′-AAAGACCCAAAGTCACGCTT-3′

LDH
F: 5′-TCATTCCTGCCATAGTCCA-3′

R: 5′-CAATTACACGAGTTACAGGTA-3′

T-AOC
F: 5′-CCAGGTGGCAGCCGACAATG-3′

R: 5′-ACGAAGACGAGGACGAGGATGG-3′

Collagen 2
F: 5′-TGAAGACCCAGACTGCCTCAA-3′
R: 5′-CGAGGTCAGCTGGGCAGAT-3′

Aggrecan
F: 5′-GGCATCGTGTTCCATTAC-3′
R: 5′-TCTCCATAGCAGCCTTCC-3′

SOX-9
F: 5′-ATCTGAAGAAGGAGAGCGAG-3′
R: 5′-TCAGAAGTCTCCAGAGCTTG-3′

Collagen X
F: 5′-AGTGTTTTACGCTGAACG-3′
R: 5′-TGCTCTCCTCTTACTGCT-3′

MMP-3
F: 5′-TATGGATCCCCCCCTGACTCCCCTGAG-3′
R: 5′-ATGGAATTCAGGTTCAAGCTTCCTGAGG-3′

NRF2
F: 5′-ACTCCGGCATTTCACTAAACACAAG-3′
R: 5′-CTGAGGCCAAGTAGTGTGTCTCCA-3′

KEAP1
F: 5′-CATCGGCATCGCCAACTTC-3′

R: 5′-ACCAGTTGGCAGTGGGACAG-3′

ARE
F: 5′-TCAGCAGCCACCACCTCCTAC-3′
R: 5′-AGTCACTACAGAGCCGCCATCC-3′
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3. Results

3.1. H2O2-Induced NPC Degeneration. A CCK-8 assay
revealed that H2O2 at 100μM had no obvious effects on
NPC viability, whereas higher doses of gradually decreased
it (Figure 1(a), P < 0:05). Thus, H2O2 at 100μM was chosen
for further study. RT-qPCR results showed that mRNA levels
of collagen II, aggrecan, and SOX-9 were significantly
decreased (Figures 1(b)–1(d)), whereas collagen X and
MMP3 levels were elevated (Figures 1(e) and 1(f)), following
treatment with H2O2 at 100μM or higher doses (P < 0:05).
Western blotting identified a decrease in the protein expres-
sion of collagen II in NPCs treated with H2O2 at 100μM or
higher (Figures 1(g) and 1(h), P < 0:05).

3.2. H2O2 Induces NPC Degeneration via High Oxidative
Stress. The RT-qPCR data unveiled that mRNA levels of
iNOS, NOX4, SOD2, LDH, and T-AOC were significantly
increased in NPCs exposed to 100μM H2O2 (Figures 2(a)–
2(e), P < 0:05). In addition, western blotting showed that
SOD2 protein levels were dramatically elevated following
treatment with 100μMH2O2 (Figures 2(f) and 2(g), P < 0:05).

3.3. TP Delays H2O2-Induced NPC Degeneration. Data from
the CCK-8 assay suggested that TP at low doses had no
obvious effects on H2O2-treated NPCs. However, TP

(>50μg/mL) clearly promoted H2O2-treated NPC cell viabil-
ity (Figures 3(a), P < 0:05). RT-qPCR assay showed that
treatment with TP significantly elevated mRNA levels of col-
lagen II, aggrecan, and SOX-9 and decreased the levels of col-
lagen X and MMP3 in 100μM H2O2 treated NPCs
(Figures 3(b)–3(f), P < 0:05). Moreover, western blotting
analysis showed that TP could increase protein expression
of collagen II in NPCs treated with H2O2 (100μM)
(Figures 3(g) and 3(h), P < 0:05).

3.4. TP Effectively Reduces H2O2-Mediated High Oxidative
Stress in NPCs. RT-qPCR results showed that TP (100μg/mL)
significantly inhibited the mRNA expression of iNOS, NOX4,
SOD2, LDH, and T-AOC in NPCs treated with 100μM H2O2
(Figures 4(a)–4(e), P < 0:05). In addition, TP (100μg/mL)
treatment significantly suppressed protein expression of SOD2
in NPCs treated with 100μM H2O2 (Figures 4(g) and 4(h)).

3.5. TP Activates the Keap1/Nrf2/ARE Pathway to Delay
H2O2-Induced NPC Degeneration. RT-qPCR and western
blotting showed that TP (100μg/mL) increased the mRNA
and protein levels of NRF2, KEAP1, and ARE (P < 0:05),
similar to the effects of dimethylformamide (DMF), an acti-
vator of the Keap1/Nrf2/ARE pathway (Figures 5(a)–5(c)).
H2O2 treatment alone slightly promoted the expression of
NRF2, KEAP1, and ARE. Combined treatment with TP

Table 2: Pfirrmann system.

Grade
Pfirrmann system

Structure Signal Disc height Distinction between nucleus and anulus

I Homogeneous
Bright hyperintense white signal

intensity
Normal Clear

II Inhomogeneous Hyperintense white signal Normal
Clear, with or without horizontal gray

bands

III Inhomogeneous Intermediate gray signal intensity Normal or slightly decreased Unclear

IV Inhomogeneous Hypointense dark gray signal intensity
Normal or moderately

decreased
Lost

V Inhomogeneous Hypointense black signal intensity Collapsed Lost

Table 3: Grading for morphology.

Morphology change under optical microscope Grade

I Annulus fibrosus (AF)

Normal texture and free of damage and distortion 1

The damaged and distortion area is less than 30% 2

The damaged and distortion area is more than 30% 3

II Boundary between AF and NP

Normal 1

Micro disrupted 2

Medium or severe disrupted 3

III NP cells

Normal cells with large amounts of vacuoles 1

Cells and vacuoles decreased slightly 2

Cells decreased moderately or severely without vacuoles 3

IV NP matrix

Normal gel appearance 1

Slightly congealed 2

Moderate or severe condensation 3

4 Oxidative Medicine and Cellular Longevity



(100μg/mL) and H2O2 significantly promoted the mRNA
and protein levels of NRF2, KEAP1, and ARE (P < 0:05).
Moreover, DMF (30μg/mL) combined with TP (100μg/mL)
further increased the mRNA and protein expression of
NRF2, KEAP1, and ARE in NPCs treated with 100μM
H2O2 (P < 0:05) (Figures 5(d)–5(g)).

3.6. TP Delays NPC Degeneration via the Keap1/Nrf2/ARE
Pathway In Vivo

3.6.1. MRI Examination and Pfirrmann Grading.MRI exami-
nation showed that TP treatment improved disc degeneration.
Although rats in the saline degeneration groupmaintained the
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Figure 1: 100μMH2O2 induces the degeneration of nucleus pulposus cells. When the concentration of H2O2 was more than 100 μm, (a) the
proliferation rate of cells decreased significantly. The relative mRNA expression of (b) collagen II, (c) aggrecan, and (d) Sox-9 decreased
significantly, while that of (e) collagen X and (f) MMP-3 increased significantly. (g, h) And the relative protein level of collagen II
decreased significantly (P < 0:05).
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original height of the intervertebral space in the first week, the
disc signal significantly decreased; however, TP-treated rats
showed a high disc signal level in the first week. Although
the signal was somewhat indistinct and dispersed compared
to the signal observed in the control group, the overall situa-
tion was better than that of the degeneration group (saline).
In the MRIs performed at the second and fourth weeks, it
was observed that the discs in the degeneration group became
“dark discs” with an obvious decreased height of the interver-
tebral space. Conversely, the discs in the TP group showed an
obvious improvement and retained high signals; the signal of
the disc did not go dark sharply, although the height of the
intervertebral space continued to decrease. The addition of
NRF2 siRNA to the TP solution decreased NRF2 mRNA
levels, which accelerated the degeneration of the intervertebral
disc (Figure 6(a)).

Quantitative and qualitative analyses further confirmed
these results. Gray value analysis showed that TP effectively
reduced the gray levels of the intervertebral disc signal,
resulting in a high signal state (P < 0:05). The Pfirrmann

scores revealed significant differences between the TP and
degeneration groups in the first week (P < 0:05). At the
fourth week, such differences became more obvious among
the TP, degeneration, and TP+Nrf2 siRNA groups (P < 0:05).
Compared with the degeneration group, TP treatment
alleviated disc degeneration in vivo (Figure 6(b)).

3.7. HE Staining and Histology Analysis. After four weeks of
treatment, HE staining in the degeneration group showed
that the volume of the intervertebral nucleus pulposus and
the number of cartilage cells were reduced. In some sections,
the nucleus pulposus tissue completely disappeared, and the
fibrous annulus appeared to be twisted and damaged. Similar
results were observed in the TP+NRF2 siRNA group. How-
ever, treatment with TP for four weeks significantly alleviated
disc degeneration, as evidenced by regularly arranged
cartilage cells and fibrous annulus in the nucleus pulposus
(Figure 5(c)).

We proposed a scoring system for the quantitative
assessment of disc degeneration (Table 2). No significant
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Figure 2: 100 μMH2O2 caused oxidative stress in nucleus pulposus cells. (a–e) The relative mRNA of iNOS, NOX4, SOD2, LDH, and T-AOC
significantly increased after the treatment of 100μMH2O2. (f, g) The relative protein level of SOD2 increased significantly after the treatment
of 100 μM H2O2.
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differences in the histological scores were observed between
the TP+NRF2 siRNA and degeneration groups (P > 0:05),
but significant differences were detected between the TP
group and the degeneration and TP+NRF2 siRNA groups.
Both radiological and histological results provided evidence
that TP treatment could delay the progression of IDD
(Figure 6(d)).

3.8. Immunohistochemistry. Type II collagen and aggrecan
expression was positive in NPCs treated with TP (yellow),
but negative in TP+NRF2 siRNA and degeneration groups
(blue) (Figures 6(e) and 6(f)). The expression of type X colla-
gen, an indicator of nucleus pulposus degeneration, was
markedly different in the three groups. These findings sug-
gest that TP treatment alleviated the degeneration of NPCs

140
120
100

80
60
40
20

0

Re
lat

iv
e p

ro
lif

er
at

io
n

ra
te

 (%
)

100 𝜇M H2O2
TP (𝜇M)

– + + + + +

0 0 1 10 0 0

⁎⁎
⁎⁎

⁎

(a)

200
180
160
140
120
100

80
60
40
20

0Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n
of

 co
lla

ge
n 

II
 (%

)

100 𝜇M H2O2
TP (𝜇M)

– + + + + + +

0 0 1 10 50 300100

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎
⁎

⁎

(b)

200
180
160
140
120
100

80
60
40
20

0Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n
of

 ag
gr

ec
an

 (%
)

100 𝜇M H2O2
TP (𝜇M)

– + + + + + +

0 0 1 10 50 300100

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎
⁎

⁎

(c)

200
180
160
140
120
100

80
60
40
20

0Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n
of

 S
ox
–

9 
(%

)

100 𝜇M H2O2
TP (𝜇M)

– + + + + + +

0 0 1 10 50 300100

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎
⁎

⁎

(d)

800

600

400

200

0Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n
of

 co
lla

ge
n 

X 
(%

)

100 𝜇M H2O2
TP (𝜇M)

– + + + + + +

0 0 1 10 50 300100

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎
⁎

⁎

(e)

900

750

600

450

300

150

0Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n
of

 M
M

R–
3 

(%
)

100 𝜇M H2O2
TP (𝜇M)

– + + + + + +

0 0 1 10 50 300100

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎
⁎

⁎

(f)

H2O2 (𝜇M)
TP (𝜇g/mL)

Collagen II

𝛽–Actin

0
0 0

100 100 100 100 100 100
10050101 300

(g)

220
200
180
160
140
120
100

80
60
40
20

0

Re
lat

iv
e p

ro
te

in
 le

ve
l

of
 C

ol
la

ge
n 

II
 (%

)

100 𝜇M H2O2
TP (𝜇M)

– + + + + + +

0 0 1 10 50 300100

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎
⁎

⁎⁎

(h)

Figure 3: TP alleviated the degeneration of nucleus pulposus cells caused by H2O2 in a dose-dependent manner. After the treatment of TP, (a)
the proliferation rate of cells came back to normal. The relative mRNA expression of (b) collagen II, (c) aggrecan, and (d) Sox-9 increased
significantly, while that of (e) collagen X and (f) MMP-3 decreased significantly. (g, h) And the relative protein level of collagen II
increased significantly (P < 0:05).
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compared to the saline degeneration and TP+NRF2 siRNA
groups (Figure 6(g)).

SOD2, an indicator of oxidative stress, was strongly
detected in the nucleus pulposus tissue in the degeneration
and TP+NRF2 siRNA groups (yellow or brown), indicating
an intense oxidative stress. However, staining of SOD2 was
weaker in the TP group, suggesting that TP treatment sup-
pressed oxidative stress in rats through the Keap1/Nrf2/ARE
pathway, thereby delaying the degeneration of NPCs
(Figure 6(h)).

4. Discussion

In the present study, we established an in vitromodel for oxi-
dative stress analysis in NPCs. Many studies have suggested
that H2O2 could induce oxidative stress injury, inflammatory
response, apoptosis, matrix reduction, and, finally, degenera-
tion of NPCs [16–18]. Consistently, our study identified the
degenerative role of H2O2 and established an in vitro model
for oxidative stress analysis in NPCs. Data from the CCK-8
assay showed that H2O2 100μM had no obvious effects on
cell viability, whereas higher doses could suppress it. Thus,
H2O2 at 100μMwas chosen for further study. We found that

H2O2 decreased the mRNA levels of type II collagen, aggre-
can, and SOX-9 and increased type X collagen and MMP3.
Moreover, H2O2 at 100μM dramatically suppressed the
protein expression of type II collagen.

Type II collagen, an important component of the extra-
cellular matrix of the nucleus pulposus, is mainly expressed
in cartilage and cartilage-derived NPCs. Studies have shown
that type II collagen is essential for the removal of the spinal
cord and the formation of intervertebral discs [19]. Aggrecan,
another important component of the extracellular matrix,
has unique water-retaining and microstructural properties
and serves a vital role in the intervertebral disc response to
various loads [20]. The degradation and decreased synthesis
of aggrecan could lead to a reduction in intervertebral disc
function. SOX-9 is also a protective factor for intervertebral
discs, which has the effect of regulating the expression of type
II collagen [21]. When the intervertebral disc degenerates,
the content of proteoglycan and type II collagen in the extra-
cellular matrix decreases, with decreased water retention
capacity and stress load capacity. The abovementioned three
factors are all cartilage-specific genes. The reduction of type
II collagen, aggrecan, and SOX-9 in NPCs is usually related
to a severe disc degeneration [22]. Type X collagen indicates
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Figure 4: TP alleviated the oxidative stress in nucleus pulposus cells caused by H2O2. (a–e) The relative mRNA of iNOS, NOX4, SOD2, LDH,
and T-AOC came back to normal after the treatment of both H2O2 and TP. (f, g) The relative protein level of SOD2 came back to normal after
the treatment of both H2O2 and TP.
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IDD, and it is a short-chain nonfibrous gel with a network
structure. In adult intervertebral discs, type X collagen is
highly expressed in the extracellular matrix of the interverte-
bral disc during the advanced stage of IDD [23, 24]. Type X

collagen cross-links with type II collagen fibers, affecting
the structure of the intervertebral disc and reducing its load
strength. As a substance that destroys articular cartilage and
intervertebral disc matrix, MMP3 is involved in disc
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Figure 5: TP exert its function via the Nrf2/KEAP1/ARE pathway. After the TP treatment, the relative mRNA expression of (a) Nrf2, (b)
KEAP1, and (c) ARE significantly increased, (d–g) so does the protein level of Nrf2, KEAP1, and ARE (P < 0:05).
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Figure 6: TP delays the intervertebral disc degeneration in vivo via the Nrf2/KEAP/ARE pathway. (a) MRI test of rat caudal discs reveals the
protective role of TP in intervertebral disc degeneration. (b) Pfirrmann grade showed the significant protective role of TP. (c) Histological
analysis of caudal discs. (d) Histological grading test. (e–h) Mean optical density of collagen II, aggrecan, collagen X, and SOD2 (P < 0:05).
Blue scale bar = 500 μm; red scale bar = 50 μm.
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degeneration, especially during the matrix degradation stage
[25]. Therefore, type X collagen and MMP3 are highly
expressed in degenerated NPCs. These results showed that
100μM H2O2 inhibited the expression of type II collagen,
aggrecan, and SOX-9; increased type X collagen and
MMP3; and accelerated the protein degradation of type II
collagen, eventually causing degeneration of NPCs of inter-
vertebral discs.

In the present study, we found that TP effectively
reversed H2O2-induced downregulation of cartilage-specific
genes. In addition, TP significantly reduced type X collagen
and MMP3, indicators of IDD, which suggests that TP
exhibits a protective role in NPCs. Western blotting results
indicated that TP effectively increased the protein expression
of type 2 collagen, whereas immunofluorescence staining
showed that TP effectively reduced the expression of
MMP3. This may be because of the fact that TP could
increase the expression of type 2 collagen and suppress
MMP3, thereby improving the microenvironment of NPCs
and reducing type 2 collagen degradation. The protective
effect of TP is concentration- and time-dependent at a certain
concentration; that is, the protective effect of TP is more
obvious at a larger dose in a longer intervention period. Fur-
thermore, we explored the molecular mechanism by which
TP protects degenerated NPCs. Previous studies have sug-
gested that the prevention of DNA damage is associated with
the anticancer role of tea and TP [12]. A recent study showed
that TP attenuates oxidative stress induced by H2O2 and con-
tinuous darkness by regulating the Keap1/Nrf2 signaling
pathway in HepG2 cells and mouse liver [26].

The Keap1/Nrf2/ARE pathway is critical for the defense
against oxidative stress. Nrf2, a Cap’N’Collar family member,
is widely expressed in human tissues and organs [27]. With
a leucine zipper structure, Nrf2 activates ARE and initiates a
variety of antioxidant reactions, thereby regulating the body’s
defense system against oxidative stress. Kelch-like ECH associ-
ating protein1 (Keap1) is the receptor of Nrf2 and affects its
expression. Under physiological conditions, Nrf2 is located
in the cytoplasm and binds to Keap1 in a resting state [28].
The Nrf2-Keap1 complex is rapidly degraded through the
ubiquitin proteasome pathway. Upon oxidative stress stimula-
tion, Nrf2 quickly disassociates from Keap1, translocates into
the nucleus, binds to small Maf proteins to form heterodimers,
and interacts with ARE in the target genes, thereby regulating
the transcription and translation of antioxidant genes [29].

The activation of Nrf2 is regulated at multiple levels,
mainly involving the interaction between Nrf2 and Keap1
as well as the mechanism mediating the stability of Nrf2.
There are two mechanisms for the dissociation of Nrf2 from
Keap1: the direct attack of nucleophiles or ROS and the
indirect effect of phosphorylated Keap1.

In our study, there is evidence that H2O2-treated NPCs
were attacked by ROS, leading to the disassociation of Nrf2
from Keap1. Elevated expression of Nrf2 increased the
expression of ARE elements. TP exhibited a protective role
in NPCs, increasing the expression of Nrf2 and downstream
targets. These findings imply that TP may activate the
Keap1/Nrf2/ARE pathway and protect NPCs against oxida-
tive stress injury.

To test our hypothesis, we used DMF, the activator of the
Keap1/Nrf2/ARE pathway, and observed that it exhibited a
similar effect to that of TP. In addition, combined treatment
with TP and DMF further increased the expression of Nrf2
and ARE. Collectively, these results suggest that TP activates
the Keap1/Nrf2/ARE pathway to protect NPCs against H2O2.

The in vivo experiments also confirmed our hypothesis.
The discs of rats were injected with TP (100 nM), TP+Nrf2
siRNA, and normal saline. Rats injected with normal saline
exhibited obvious degenerated dark discs and low signal
intensity. The likely causes are puncture-induced stress
imbalance, oxidative stress injury, loss of proteoglycan, and
type II collagen. In the normal saline group, the cartilage-
like cells in the nucleus pulposus disappeared and the fibrous
annulus was damaged. Treatment with TP at 100nM greatly
improved the degeneration of intervertebral discs in the first
two weeks. Compared with the normal saline group, the T2-
weighted image showed high signal intensity, indicating that
the core components of the intervertebral discs were not
destroyed. At week 4, the intervertebral disc signal of the
rat also began to decrease, and the height of the intervertebral
space narrowed, suggesting the degeneration of the nucleus
pulposus. Histological analysis data, consistent with radio-
logical results, suggested that the degeneration of interverte-
bral discs was alleviated in the TP group compared to that
in the normal control in vivo. The addition of TP and Nrf2
siRNA produced similar effects on disc degeneration to the
normal saline group, which was slower than in the control
but faster than in the TP group. Immunohistochemical stain-
ing showed that TP significantly reduced the expression of
oxidative stress factors in the tissues, whereas Nrf2 siRNA
cotreatment and the degeneration groups showed a higher
expression of SOD2. In summary, in vivo experiments
showed that TP activated the Keap1/Nrf2/ARE pathway to
exert its antioxidative stress function and ultimately delay
the degeneration of intervertebral discs.

There were some limitations to this study. First, the long-
term efficacy and safety of TP should be evaluated in the
future. Second, this study mainly focused on the role of TP
in signal transduction. The specific effect of TP on Nrf2 pro-
tein and the other key proteins in the pathway has not been
determined. Besides, mitochondrial dysfunction is an impor-
tant mechanism of oxidative stress damage in NPCs and
should be further explored.

In summary, we have demonstrated that TP, a plant-
derived natural antioxidant agent, plays an important role
in activating the Keap1/Nrf2/ARE pathway and delaying disc
degeneration. TP effectively increases the expression of NRF2
and its downstream targets, thereby inhibiting the degenera-
tion of intervertebral discs. These findings reveal the protec-
tive function of TP via the Keap1/Nrf2/ARE pathway in
intervertebral disc degeneration and deepen our understand-
ing of IDD treatment and prevention.
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Objective. To investigate the effects of Danshen on the imaging and histological parameters, expression levels of ECM-associated
proteins and inflammatory factors, and antioxidative activity in the degenerated intervertebral disc (IVD) of SD rats. Methods.
Sixty male rats were randomly divided into three groups (control, IDD, and Danshen IDD). Percutaneous needle puncture in
Co8-9 intervertebral disc was conducted in all rats of the IDD and Danshen IDD groups to induce intervertebral disc
degeneration (IDD). After operation, animals of the Danshen IDD group were administrated with Danshen granules (3 g/kg
body weight ) by gavage once a day. Four weeks later, the coccygeal vertebrae were harvested and used for imaging (disc height
and MR signal), histological, immunohistochemical, and biochemical [water content, glycosaminoglycans (GAG), superoxide
dismutase (SOD2), glutathione (GSH), and malondialdehyde (MDA)] analyses. Results. The puncture induced significant
decreased IVD space and MR T2 signal at both 2 and 4 weeks, which were attenuated by Danshen treatment. The disc
degeneration in the IDD group (HE and Safranin O-Fast Green histological staining was markedly more serious compared with
that in the control group. Four weeks of Danshen treatment significantly alleviated this degeneration compared with the IDD
group. Needle puncture resulted in the upregulation of IL-1β and TNF-α, MMP-3, and downregulation of COL2 and aggrecan
in the IDD group. However, this change was significantly weakened by Danshen treatment. Significantly lower water and GAG
content, as well as the SOD2 and GSH levels, in the IDD group were found compared with those in the control group. However,
the above parameters of the Danshen IDD group were significantly higher than those of the IDD group. Danshen treatment
significantly decreased the content of MDA which was increased by needle puncture in the IDD group. Conclusion. Danshen
can attenuate intervertebral disc degeneration in SD rats by suppressing the oxidation reaction.

1. Introduction

With the aging of society, low back pain has become a com-
mon disease that plagues the physical and mental health of
middle-aged and elderly people [1]. Intervertebral disc
degeneration (IDD) is believed to be one of the main causes
of low back pain and its etiology is complex and multifacto-
rial, including aging, mechanical stress, smoking, infection,
trauma, and genetics [2]. Intervertebral disc (IVD) primarily

contains three parts: nucleus pulposus (NP), annulus fibrosus
(AF), and cartilage endplate (EP). Structural or functional
abnormalities of any component can finally result in IDD.
The degenerated IVD shows a reduction in intervertebral
height, the appearance of annulus fissures, the dysfunction
of NPCs, the loss of ECM and water, and the calcification
of the vertebral endplates, as well as increased production
of inflammatory factors such as interleukin-1β (IL-1β) and
tumor necrosis factor-α (TNF-α) [3]. At present, the specific
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mechanism of IDD is still not clear. However, increasing
evidences demonstrate that oxidative stress might play a
crucial role in the occurrence and development of IDD [4–6].

According to the free radical theory of aging, the
decline of tissue and organ function is closely related to
the oxidative stress caused by reactive oxide species
(ROS) [7]. Excessive ROS can inhibit normal cellular
activity by destroying cell lipid, protein, and DNA content
[8]. It has been reported that malondialdehyde (MDA)
and the peroxidation product of polyunsaturated fatty acid
residues accumulate in degenerated IVDs of rats [9]. In
short, in the process of IDD, systemic and local oxidative
stress increases significantly, indicating that oxidative
stress may play a crucial role in the pathological develop-
ment of IDD. MDA, SOD2, and glutathione (GSH) are
indicators commonly used to evaluate the oxidative stress
of the body, and their levels can reflect the severity of
the oxidative stress damage. As the final decomposition
product of cell membrane lipid peroxidation, MDA can
destroy the structure and function of cell membrane,
finally inducing cell senescence or death [10, 11]. SOD2
is an important antioxidant enzyme, which is widely dis-
tributed in various organisms and has the function of
resisting oxidative stress. GSH is an important antioxidant,
which is essential in the regulation of protein disulfide
bonds and the treatment of electrophiles and oxidants.
The determination of the GSH concentration is indispens-
able in many studies on oxidative stress [12, 13].

The common treatments of IDD contain conservative
treatment and surgical treatment. Bed rest, nonsteroidal
anti-inflammatory drugs, analgesia, and physical therapy
are common conservative treatments, which can relieve pain
to a certain extent, but cannot prevent the pathological pro-
gression of IDD. When conservative treatment fails, surgical
treatment becomes the first choice. However, surgical treat-
ment is expensive and traumatic, and some patients still have
poor recovery after surgery.

Danshen (Salvia miltiorrhiza), a traditional Chinese
medicine, can promote blood circulation and remove blood
stasis. Danshen has a wide range of pharmacological effects
and is primarily used clinically for the treatment of irregular
menstruation, palpitations, insomnia, and various cardiovas-
cular diseases, especially angina pectoris and myocardial
infarction [14]. In recent years, a number of researches have
confirmed the effects of Danshen on improving microcircu-
lation, anticoagulant, antithrombotic, antihypertensive, and
antioxidant [15], which has broad application prospects.
Although the specific antioxidant mechanism is unknown,
Danshen has been proved to act as a ROS inhibitor [16,
17]. Zhang et al. [18] found that Danshen has a significant
protective effect on H2O2-induced H9c2 cardiomyocyte apo-
ptosis at low concentrations. Comparative studies with vita-
min C show that Danshen can scavenge more than 90% of
free radicals and can be used to prevent cell damage caused
by free radicals and intracellular ROS [19]. To sum up, Dan-
shen has been proved to be functional in different cell types
via the antioxidation process as an adjuvant treatment and
the use of Danshen to potentially alleviate disorders has been
investigated.

However, whether Danshen can inhibit the development
of IDD via antioxidation remains unknown. Therefore, we
hypothesized that Danshen can alleviate intervertebral disc
degeneration through its antioxidant effect. This study is
aimed at exploring the effects of Danshen on the imaging
and histological parameters, water and GAG content, expres-
sion levels of ECM-associated proteins, and inflammatory
factors, as well as SOD2, GSH, andMDA level of degenerated
IVDs in a percutaneous puncture SD model.

2. Methods and Materials

2.1. Animals. Sixty 12-week-old Sprague Dawley rats (30
males and 30 females) were used. All animal experiments
were approved by the Animal Care and Experiment Commit-
tee of Soochow University. All rats were group housed under
a 12 h light/dark cycle and had free access to a standard diet
and sterile water.

2.2. IDD Model and Experimental Design. All 60 animals
were randomly divided into three groups (control, IDD,
and Danshen IDD group), with 20 animals in each group.
After one week of acclimatization, all rats were anesthetized
by inhalation of 2% fluothane in oxygen/nitrous oxide. The
needle puncture model was performed in the Co8-9 IVD of
all rats in IDD and Danshen IDD groups for inducing the
IDD model as previously described [20, 21]. The Co8-9 tail
IVD was punctured using a 20-gauge needle with full pene-
tration. Penicillin was injected into the operational animals
to prevent postoperative infection. All procedures were
approved by our animal welfare committee. Danshen gran-
ules were purchased from Shanghai First Biochemical Phar-
maceutical Co., Ltd. (Shanghai, China). After surgery, the
rats in the Danshen IDD group were administrated with a
certain amount of Danshen granules (3 g/kg body weight dis-
solved in distilled water) by gavage once a day over a 4-week
period according to the dose used in previous reports [22].
The rats in the control and IDD groups were treated with
only distilled water. All steps of this study complied with
the Animal Research Reporting In Vivo Experiments
(ARRIVE) Guidelines for reporting animal research.

2.3. Tissue Preparation. All animals in three groups were
euthanized by an excess of isoflurane (RWD Life Science
Co., Shenzhen, China) four weeks after the operation. The
whole discs of the punctured segments (Co8-9) in all rats were
surgically removed and dissected. Ten discs from each group
were fixed for 48h in 4% paraformaldehyde (Beyotime Bio-
Technology Co. Ltd., Shanghai, China) at 4°C then decalcified
in 10% EDTA (Biosharp, Hefei, China) in 0.01M PBS for 1
month at 4°C. The decalcified specimens were then embedded
(Leica, Richmond, USA) in paraffin for further histological
staining and immunohistochemistry. The remaining ten discs
of each group were removed in liquid nitrogen after being har-
vested and stored at -80°C for western blot analysis and bio-
chemical analysis. Histopathology, histological score, water
and GAG content, expression levels of ECM-associated pro-
teins and inflammatory factors, and GSH, MDA, and SOD2
concentration of the IVD were evaluated.
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2.4. Radiographic Analysis and Magnetic Resonance Imaging
(MRI) Examination. At two and four weeks after the needle
puncture, all rats underwent X-ray radiography and MRI
scans under isoflurane anesthesia. Radiographic images were
taken with a digital X-ray machine (SHI- MADZU, Japan),
and images were stored in a digital form. Based on the previ-
ously reported method [23], the disc height index (DHI) was
calculated by averaging the measurements obtained from the
anterior, middle, and posterior portions of the disc height
and dividing them by the average height of the adjacent ver-
tebral body using the image analysis program ImageJ.
Changes in the DHI (representing the disc space) of IVD
were presented as %DHI and normalized to DHI of preoper-
ative IVD (%DHI = ðDHI postlesion/DHI prelesionÞ ∗ 100).

T2 mapping magnetic resonance imaging (MRI)
sequence is usually used to reflect the water proton molecule
movements in the extracellular matrix of collagen and pro-
teoglycan [24]. At the termination of the study, the IVDs of
all rat coccygeal vertebrae were scanned in a 1.5 T MRI scan-
ner (GE, USA). The T2 signal intensities were calculated
using image analysis program ImageJ to indirectly measure
the extent of disc hydration. The mean T2 signal intensity
in the control IVD was set as reference for that of the
punctured disc in each rat. Therefore, the normalized disc
intensity was presented from 0 to 1.

2.5. Histological Evaluation. For histological analysis, 5μm
serial sections were prepared from the midsagittal region.
The histological slices were stained with hematoxylin and
eosin (H&E), Safranin O-Fast Green, and Alcian blue accord-
ing to the standard procedures to reveal histological changes in
the IVD tissues of different groups. Histological evaluation of
IVD was performed based on a grading system reported by
Han et al. [20]. The grading system was calculated based on
the cellularity and morphology of the annulus fibrosus (AF),
nucleus pulposus (NP), and the border between the AF and
NP using a scale with five categories of IDD changes with
scores ranging from 5 points (representing a normal disc) to
15 points (representing a severely degenerated disc) [20].

2.6. Immunohistochemical Analysis. Immunohistochemical
analysis was conducted on decalcified sections of Co8-9 IVD
under standard procedures [25]. ECM-associated proteins col-
lagen II (COL2), aggrecan, and matrix metalloproteinase-3
(MMP-3) and inflammatory factors IL-1β and TNF-α in the
IVDs were semiquantitatively analyzed. The sections were
incubated with rabbit primary antibodies (COL2 1 : 100,
aggrecan 1 : 100, MMP-3 1 : 100, IL-1β 1 : 200, and TNF-α
1 : 200; Abcam, England) or control rabbit IgG (1 : 100 in 5%
BSA) overnight at 4°C and goat anti-rabbit secondary anti-
body (Cell Signaling Technology, USA, dilution 1 : 400). After
being visualized by diaminobenzidine-based peroxidase
(DAB) substrate, the images were acquired using an Olympus
light microscope (Japan) at 40x magnification. Immunohisto-
chemical staining results were further analyzed using a semi-
quantitative method, as previously described [25]. Each slice
was observed in ten vision fields. The number of stained pos-
itive cells and their staining intensity were used for scoring,
and the two scores (range: 0–12) were multiplied to obtain

protein expression intensity. All sections were analyzed by
two independent observers blinded to the experimental
details. There was no significant difference within intraobser-
ver and interobserver measurements.

2.7. Western Blot Analysis. The expression levels of COL2,
aggrecan, and MMP-3 in each IVD were examined by a
Western blot method. The concentration of isolated proteins
was analyzed by a BCA Assay kit (Beyotime BioTechnology
Co. Ltd., Shanghai, China). Equal quantities of protein from
each sample were subsequently separated by gel electropho-
resis and transferred onto polyvinylidene difluoride mem-
branes. After blocking with 5% nonfat milk in Tris-buffered
saline (TBS) containing 0.1% Tween-20 (TBST) for 1 h, the
membrane was incubated with anti-rat primary antibodies
in 5% nonfat milk diluted in TBST at 4°C overnight: COL2
(1 : 1000), aggrecan (1 : 1000), MMP-3 (1 : 1000), and
GAPDH (1 : 2000). Then, the membranes were incubated
with the HRP-conjugated secondary antibodies for 1 hour
at 37°C. The membrane bands were detected by an enhanced
chemiluminescent system, and the intensity of bands was
analyzed by ImageJ software (NIH, USA). Finally, the relative
optical densities of all bands were normalized to GAPDH.

2.8. Biochemical Analysis. After being removed from the liq-
uid nitrogen, all tail discs were immediately dissected from
their surrounding soft tissues carefully. Wet weight (WW) of
the IVD tissue was immediately obtained after dissection.
Then, the tissues were dehydrated at 60°C for one day and tis-
sue dry weight (DW) was obtained, as described previously
[20]. Thus, the water content of each disc was shown as fol-
lows: %H2O = 100 ∗ ðWW −DWÞ/WW. Next, the discs in
each group were digested by papain (Beyotime BioTechnology
Co. Ltd., Shanghai, China) in 1.5mL of 20mM sodium phos-
phate buffer at 65°C for 1 hour. The GAG concentration of
IVD was measured based on the previously described method
[26]. The DW protein content of each IVD was used to stan-
dardize the GAG content. The GSH content was measured
using the Glutathione Assay Kit purchased from Beyotime
BioTechnology Co. Ltd. according to the standard experimen-
tal procedure. The GSH concentration was assayed based on
the standard curve of GSH. Lipid Peroxidation MDA Assay
Kit (Beyotime BioTechnology Co. Ltd., Shanghai, China)
was used to calculate the MDA content in IVDs of all animals.
The sandwich ELISA method was employed to detect the
SOD2 using Superoxide Dismutase Assay Kit (Beyotime Bio-
Technology Co. Ltd., Shanghai, China), and SOD2 levels were
measured by comparing the standard curve in photometry
according to the manufacturer’s protocol.

2.9. Statistical Analyses. Experimental data were expressed as
the means ± standard deviation (SD). All experiments were
repeated at least three times. Differences among groups were
assessed using one-way ANOVA after verification of normal-
ity. Post hoc comparisons between two groups were tested
using a least square difference (LSD) method. Statistical anal-
ysis was performed using SPSS v17.0 software (SPSS Inc.,
Chicago, IL, USA). P values < 0.05 were considered
statistically significant.
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3. Results

3.1. Radiographic Assessment and MRI Examination. Radio-
graphic assessment of the IVD height was performed at the
2- and 4-week time point using the calculated DHI by averag-

ing measures before and after disc injury. Changes of IVD
space at Co8-9 and the representative images of disc X-ray
in the three groups are show in Figure 1(a). At 2 weeks after
puncture, the IVDs in the IDD group indicated obvious signs
of disc degeneration including significantly decreased IVD
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Figure 1: Imaging characteristics of IVDs in each group after 2 and 4 weeks. (a) Representative radiographs (X-ray) of the Co8-9 discs in the
control group, IDD group, and Danshen IDD group. (b) Analysis of disc height index (DHI) based on X-ray film. A significant decrease of
%DHI was observed in the IDD group. However, this reduction of disc space was significantly alleviated in the Danshen IDD group. (c)
Representative images of T2-weighted MRI in Co8-9 discs. (d) Analysis of signal intensity based on MRI. Punctured discs in the IDD
group showed a significant decrease of MRI signal intensity. However, the signal intensity in the Danshen IDD group was significantly
higher compared to that in the IDD group. The values are expressed as the mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration.
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space and tissue swelling. In the Danshen IDD group, tissue
swelling and height loss of the IVD were significantly allevi-
ated compared to those in the IDD group. This finding indi-
cated that Danshen treatment can protect the IVD from
degeneration, which was further verified by the 4-week
results and the subsequent MRI examination.

The T2-weighed MR signal intensity of IVDs can indi-
cate the degeneration of the discs. Figure 1(c) shows the
representative images of tail disc in the three groups.
Punctured Co8-9 IVDs in the IDD group showed a signif-
icant decrease of the T2-weighted signal in comparison
with those in the control group at 2 weeks. The T2-
weighed signal intensity in the Danshen IDD group was
significantly higher than that of IDD group after 2-week
Danshen treatment. Similar results were also found in
the three groups at 4 weeks after puncture.

3.2. Histology. The HE and Safranin O-Fast Green staining
results of rat tail IVD and representative histological
appearance of three groups are shown in Figure 2. In the
control group, tail discs contained a rounded NP, well-
organized collagen lamellas, and a clear boundary between
the AF and NP. Nuclear cells were stellar shaped and
evenly distributed in the NP. Annular cells were mostly
fibroblastic and located between well-organized collagen
layers. However, in the IDD group, the discs demonstrated
a typical disc degeneration features including the decreased
size of the NP and the interrupted border between the NP
and AF. The nuclear cells turned large and round and
gathered to form clusters, sometimes separated by proteo-
glycan matrix. Inward bulging of the inner annulus
appeared in disorganized collagen layers of AF. In the
Danshen IDD group, the degenerated characteristics of
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Figure 2: Histological analysis of IDD. (a) Representative histological appearance of IVDs stained with H&E. The control IVD presents a
rounded nucleus pulposus, well-organized collagen lamellas, and a well-defined border between the annulus fibrosus (AF) and nucleus
pulposus (NP). NP cells were stellar shaped and evenly distributed in the NP. In the IDD group, the size of the NP decreased and the
border between the AF and NP became interrupted. The NP cells became large, rounded, clustered, and separated by dense areas of
proteoglycan matrix. The annular collagen layers became disorganized with inward bulging of the inner annulus. The degenerated
characteristics of rat IVD was alleviated by four weeks of Danshen treatment. (b) Representative histological appearance of IVDs stained
with Safranin O-Green. (c) Analysis of the extent of IDD based on histological staining. Significantly higher histological scores were found
four weeks after IDD induction. The histological score of the Danshen IDD group was significantly decreased than that of the IDD group.
The values are expressed as the mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration; IVD: intervertebral disc; NP: nucleus
pulposus; AF: annulus fibrosus.
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rat IVD were alleviated by four weeks of Danshen treat-
ment, including the appearance of partly preserved NP
and regular arrangement of AF. (Figures 2(a) and 2(b)).

The histological evaluation of IVD is shown in
Figure 2(c). Histology was shown significantly different in
three groups (P < 0:001). The scores of IVD histological
staining of both the IDD and the Danshen IDD groups were
significantly higher than that of the control group (P < 0:001
). However, the histological score of the Danshen IDD group
was significantly lower in comparison with that of the IDD
group (P < 0:001). Therefore, Danshen could significantly
protect the structural integrity of rat IVD and delay IDD.

3.3. Water and GAG Content of IVD. The reduction of water
content in the IVD is one of the typical signs of IDD. Our
data demonstrated that disc needle puncture induced a sig-
nificant decrease of the water content in the IDD group
(Figure 3(a)). However, the water content of IVD in the Dan-
shen IDD group was significantly higher compared with that
in the IDD group with four weeks of Danshen treatment.

The GAG content in IVD can reflect its proteoglycan
content. Interestingly, a similar pattern as water content
was found in the amount of GAG in all tail IVDs in the three

groups (Figure 3(b)). The GAG content of IVD in the IDD
group was significantly decreased after four weeks of needle
puncture. The GAG concentration in the Danshen IDD
group was significantly higher than that of the IDD group
with four weeks of Danshen treatment. Alcian blue is a com-
monly used dye for presenting GAG in tissue sections. In
order to visualize the different contents of proteoglycan com-
ponents of disc ECM, Alcian blue staining was performed,
and the representative images are shown in Figure 3(c). The
darkest blue staining was found in the IVD in the control
group. Staining of the IDD group was shown to be lighter
than that of the Danshen IDD group. These findings were
consistent with that in quantitative analysis.

3.4. Expression Levels of COL2, Aggrecan, and MMP-3. In
order to investigate the ECM remodeling of IVD, the immu-
nohistochemical staining and western blot analysis of COL2,
aggrecan, and MMP-3 were conducted. In the IDD group,
the needle puncture resulted in the ECM remodeling by
suppressing the production of COL2 and aggrecan and acti-
vating MMP-3, which were both shown in immunohisto-
chemical analysis and western blot (Figures 4 and 5). After
4 weeks of Danshen treatment, the decreased expressions of
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Figure 3: Analysis of water and GAG content of each group. (a) Water content of each group. (b) GAG content of each group. Significant
decrease in water (a) and GAG (b) content in the IDD group was observed. However, this decrease was significantly alleviated by
Danshen treatment in the Danshen IDD group. (c) Representative staining of Alcian blue staining of each group. The blue dye is
proportional to the GAG content. The values are expressed as the mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration; IVD:
intervertebral disc; NP: nucleus pulposus; AF: annulus fibrosus.
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COL2 and aggrecan were significantly restored and the
increased MMP-3 level was concomitantly weakened in the
Danshen IDD group. These results indicated that Danshen
can protect the IVD from degeneration by regulating the
components of NP ECM.

3.5. Immunohistochemical Staining of IL-1β and TNF-α. The
expressions of inflammatory factors IL-1β and TNF-α in
the IVDs were explored and are shown in Figure 6. The
light yellow-stained IL-1β and TNF-α in the control group
represented the low expression level of proteins, while
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Figure 4: Immunohistochemical analysis of COL2, aggrecan, and MMP-3. (a) Representative images of COL2 staining. (b) Semiquantitative
analysis of COL2. (c) Representative images of aggrecan staining. (d) Semiquantitative analysis of aggrecan. (e) Representative images of
MMP-3 staining. (f) Semiquantitative analysis of MMP-3. Significant decrease in COL2 and aggrecan levels and increase in MMP-3 level
in the IDD group was observed. However, this change was significantly alleviated by Danshen treatment. The values are expressed as the
mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration; IVD: intervertebral disc; NP: nucleus pulposus; AF: annulus fibrosus; COL2:
collagen II; MMP-3: matrix metalloproteinase-3.
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brown-stained sections in the IDD group represented the
high expressions levels. It appeared that these proteins were
primarily distributed within the ECM of NP. Semiquantitative
analysis showed that production of IL-1β and TNF-α in the
IDD group was significantly promoted, which indicated that
inflammatory response was activated during the IDD process.
After Danshen treatment, the expression levels of IL-1β and
TNF-α were significantly inhibited compared to the IDD
group. This data indicated that Danshen can inhibit the
inflammation during the IDD process.

3.6. GSH, SOD2, and MDA Concentrations of IVD.
Figure 7(a) shows that the GSH contents of IVD in the three
groups were significantly different. The GSH level in IVD in
the IDD group (0:041 ± 0:013μmol/mg protein) was signifi-
cantly lower compared to that in the control group
(0:082 ± 0:024μmol/mg protein, P < 0:001). However, the
GSH concentration of IVD in the IDD Danshen group
(0:059 ± 0:015μmol/mg protein) was significantly higher
than that of the IDD group after four weeks of Danshen
medication (P < 0:001).

A similar pattern was also found in the SOD2 concentra-
tion of all tail IVDs in the three groups (Figure 7(b)). After
four weeks of needle puncture, the SOD2 concentration of
IVD in the IDD group was significantly decreased (P <
0:001). After four weeks of Danshen treatment, the SOD2
concentration in the Danshen IDD group (0:064 ± 0:011
μmol/mg protein) was markedly higher compared to that
in the IDD group (0:043 ± 0:014μmol/mg protein, P <
0:001).

MDA concentrations of tail IVD in the three groups were
significantly different as shown in Figure 7(c). The MDA
level in IVD in the IDD group (0:233 ± 0:042nmol/mg pro-
tein) was significantly higher compared to that in the control
group (0:109 ± 0:018nmol/mg protein, P < 0:001). The
MDA concentration of IVD in the IDD Danshen group
(0:165 ± 0:035nmol/mg protein) was markedly decreased
compared to that in the IDD group (P < 0:001).

4. Discussion

At present, the most popular method is IVD injury in which
the damage of AF, NP, or endplate through surgical approach
leads to corresponding pathological changes and causes IDD
finally [27]. Needle puncture is the most common way of
damage models due to its reproducibility and the short
period resulting in degenerative changes [28]. The rodents
are proposed as an ideal model for IDD research because of
easily degenerated tail discs of puncture [20]. In our research,
the IDD model was induced by needle puncture with full
penetration and the characteristic changes of IDD were
shown, which demonstrated that the needle puncture model
was quite effective.

In our in vivo research, a relative index %DHI (represent-
ing the IVD height) and MRI T2 signal strength were used to
reflect the imaging alterations of IVDs. In the IDD group, sig-
nificantly narrowed IVD space and tissue swelling was found
at both 2 and 4 weeks, and the MR T2 signal of IVDs was
obviously decreased and almost black. However, this IVD
height and signal decrease were significantly attenuated by
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Figure 5: Western blot analysis of COL2, aggrecan, and MMP-3 in each group. (a) Protein expression levels of COL2, aggrecan, and MMP-3.
(b) Semiquantitative analysis of COL2. (c) Semiquantitative analysis of aggrecan. (d) Semiquantitative analysis of MMP-3. The relative ratio
of target proteins and GAPDH was calculated based on their gray values. Significant decrease in COL2 and aggrecan levels and increase in
MMP-3 level in the IDD group were observed. However, this change was significantly alleviated by Danshen treatment. The values are
expressed as the mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration; COL2: collagen II; MMP-3: matrix metalloproteinase-3;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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the Danshen treatment at both two time points. These find-
ings indicated that Danshen could inhibit the change of disc
height and MRI signal induced by dis injury, which was con-
firmed by the subsequent histological staining and protein
expression analysis.

The HE and Safranin O-Fast Green histological staining
and histological scores were used to assess the extent of tail
disc degeneration in the three experimental groups. In the
IDD group, needle puncture led to histological changes
including the decreased NP size and the interrupted border
between NP and AF, as well as nuclear cells gathering to form
clusters and inward bulging of the inner annulus in disorga-

nized collagen layers of AF. These altered morphological fea-
tures were consistent with many of reports in rats [20, 29, 30]
and human degenerative IVDs [23, 31]. Additionally, the
histological score of the Danshen IDD group was lower than
that of the IDD group, which demonstrates that Danshen
treatment could prevent disc degeneration in rats.

Under physiological conditions, adequate GAG is crucial
for the spine to withstand pressure and can help to expand
discs and keep the separation of vertebrae [32]. The changes
of water and GAG content in the IVDs may affect disc func-
tions and be directly involved in IDD. In our research, the
water and GAG content in the IDD disc was markedly
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Figure 6: Immunohistochemical analysis of IL-1β and TNF-α. (a) Representative images of IL-1β staining. (b) Semiquantitative analysis of
IL-1β. (c) Representative images of TNF-α staining. (d) Semiquantitative analysis of TNF-α. Significant increase in IL-1β and TNF-α level in
the IDD group was observed. However, this increase was significantly downregulated by Danshen treatment. The values are expressed as the
mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration; IVD: intervertebral disc; NP: nucleus pulposus; AF: annulus fibrosus; COL2:
collagen II; MMP-3: matrix metalloproteinase-3; IL-1β: interleukin-1β; TNF-α: tumor necrosis factor-α.
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lowered than that of the control IVD. Similar results were
previously reported in which total GAG reduction of IVDs
appeared at as early as the initial stage of IDD [33, 34].
After four weeks of Danshen treatment, the water and
GAG content significantly increased, which was consistent
with the recovery of MRI T2 signal in the Danshen IDD
group. Our data suggested that Danshen might help to
protect water and GAG from loss and to slow down the
occurrence of IDD.

COL2 and aggrecan are two main components of the
ECM and can keep the fluids within the IVDs and preserve
the resilience and volume of NP. The MMP family, especially
MMP-3, is the main catabolic enzyme that is responsible for
the ECM degradation. The abnormal reduction of COL2 and
aggrecan or increase of MMP-3 may result in the failure of
the NP structure and ultimately the onset of IDD. In our
study, needle puncture downregulated the expressions of
COL2 and aggrecan and upregulated the MMP-3 level. This
catabolic change was significantly inhibited by Danshen
treatment. In addition, inflammation plays crucial roles in
the initiation and progression of IDD. The inflammatory fac-
tors IL-1β and TNF-α were reported to be involved in many
pathological processes, including oxidative stress, autophagy,
ECM destruction, and cell apoptosis [35–37]. We found that
IL-1β and TNF-αwere both more expressed in IVD tissues of
the punctured rats compared with the control rats. However,
this increase of inflammatory factors was greatly suppressed
by Danshen in contrast to the IDD group, indicating the
potent anti-inflammatory effect of Danshen. Taken together,
our study demonstrated that Danshen was effective in pro-
tecting the structure integrity of the NP and inhibiting
inflammation, which in turn delayed the IDD process.

It has been reported that redox imbalance can lead to
damage to cells and tissues via oxidative stress [38]. Previous
researches demonstrated that oxidative stress was closely
related to histological changes of IVD and development of
IDD [5, 39] and treatments that target oxidative stress may
alleviate the progression of IDD [4]. Recent studies have
found that Danshen could prevent the onset of oxidative
stress in the aorta and eyes of diabetic rats [22], suggesting
that Danshen could have a negative effect on oxidative stress.
For further investigating the specific mechanism of Danshen
attenuating IDD, the GSH, SOD2, and MDA (primary bio-
markers of oxidative stress) contents of IVD tissues were
measured. Our study showed that the GSH and SOD2 con-
centrations of rat IVDs in the IDD group were significantly
lower compared with those in the control group. Our finding
was similar to other research in which the activity of antiox-
idative materials decreased in age-related degenerated IVDs
in Wistar rats [39]. The reduction in GSH and SOD2 content
of degenerated IDD means an increase in consumption or
decrease in production of the antioxidant substances. Addi-
tionally, increased intracellular ROS levels and oxidative
stress under IVD injury by needle puncture have been previ-
ously reported [4]. Combining previous results and our find-
ings, we believe that the decreased concentrations of GSH
and SOD2 in the degenerated IVDs of rats are probably due
to increased consumption of GSH and SOD2 in order to
fight with the excessive ROS from IVD injury. However,
Danshen treatment significantly increased the GSH and
SOD2 content of IVDs in the Danshen IDD group. Similar
findings have been reported that 4-week Danshen treatment
significantly raised GSH content in articular cartilage and
synovium tissues of osteoarthritis rabbits [40]. These results
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Figure 7: GSH, SOD2 andMDA content in tail IVDs of each group. Significant decrease in GSH (a) and SOD2 (b) content in IDD group was
observed compared with the control group and this decrease was significantly alleviated by Danshen treatment. Significant increase in MDA
(c) content in IDD group was observed compared with the control group. However, this increase was significantly alleviated by Danshen
treatment in the Danshen IDD group. The values are expressed as mean ± SD. ∗P < 0:05. IDD: intervertebral disc degeneration; GSH:
glutathione; SOD2: superoxide dismutase; MDA: malondialdehyde.
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demonstrated that Danshen could either induce GSH and
SOD2 synthesis or directly scavenge excessive ROS gener-
ated during disc injury. MDA, a degradation product of per-
oxidized polyunsaturated fatty acids, is a common marker of
oxidative stress [41, 42]. Previous studies showed that the
MDA level in patients with lumbar IDD was markedly
increased compared to that in the control group [9] and that
serum and intervertebral MDA levels gradually increased
with age in rats [39]. Similar results were also found in our
research that MDA content in IVDs of the IDD group was
statistically higher than that of the control group. However,
Danshen treatment markedly downregulate the level of
MDA in IVDs of the Danshen group. Taken together, our
data indicated that lipid peroxidation occurred during IDD
and Danshen can inhibit lipid peroxidation in the discs of
rat tails.

There are some limitations that should be considered in
our research. First, the pathogenesis environment of rat IVDs
is not the same as human’s and it is better to include human
IVDs in the future. Second, only one time point (four weeks)
was used to explore the effect of Danshen on IVDs and
dynamic observation of this effect may be more convincing.
Third, the precise mechanism of Danshen inhibiting oxida-
tive stress is still unclear and needs further studies.

In conclusion, the present study indicated that Danshen
could attenuate intervertebral disc degeneration and inhibit
inflammation via antioxidation in puncture-induced SD rats.
It has been suggested that the use of Danshen may have
broad prospects in the medical treatment of intervertebral
disc degeneration.
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Intervertebral disc degeneration (IDD) is one of the most common chronic degenerative musculoskeletal disorders. Oxidative
stress-induced apoptosis of the nucleus pulposus (NP) cells plays a key role during IDD progression. Advanced oxidation
protein products (AOPP), novel biomarkers of oxidative stress, have been reported to function in various diseases due to their
potential for disrupting the redox balance. The current study is aimed at investigating the function of AOPP in the oxidative
stress-induced apoptosis of human NP cells and the alleviative effects of allicin during this process which was known for its
antioxidant properties. AOPP were demonstrated to hamper the viability and proliferation of NP cells in a time- and
concentration-dependent manner and cause cell apoptosis markedly. High levels of reactive oxygen species (ROS) and lipid
peroxidation product malondialdehyde (MDA) were detected in NP cells after AOPP stimulation, which resulted in depolarized
mitochondrial transmembrane potential (MTP). Correspondingly, higher levels of AOPP were discovered in the human
degenerative intervertebral discs (IVD). It was also found that allicin could protect NP cells against AOPP-mediated oxidative
stress and mitochondrial dysfunction via suppressing the p38-MAPK pathway. These results disclosed a significant role of
AOPP in the oxidative stress-induced apoptosis of NP cells, which could be involved in the primary pathogenesis of IDD. It was
also revealed that allicin could be a promising therapeutic approach against AOPP-mediated oxidative stress during IDD
progression.

1. Introduction

Low back pain (LBP) has become an increasingly common
disorder in contemporary times, lowering patients’ quality
of life and burthening cosmopolitan healthcare system and
society economically [1, 2]. One of the leading causes of
LBP is intervertebral disc degeneration (IDD) [3]. The inter-
vertebral disc, the largest avascular organ in the human body,
comprises a centric nucleus pulposus (NP) and an ambient
annulus fibrosus [4]. Many previous studies demonstrate that
the main pathological changes in degenerated discs include
excess apoptosis of NP cells and degradation of the extracel-
lular matrix (ECM) [5, 6]. Apoptosis is a highly conserved

cellular function to remove excrescent and volatile cells in
different pathophysiological processes, and plays a vital role
in sustaining healthy function of tissues and organs; however,
superfluous apoptosis of NP cells is the primary cause of IDD
[7–9]. Recent studies have shown that excess apoptosis of NP
cells is largely promoted by an imbalance of the cellular redox
system in the disc microenvironment, while interventions
targeting oxidative stress markedly protect NP cells from
apoptosis [10, 11].

Once cellular redox homeostasis is disrupted, proteins in
this environment are prone to be damaged under oxidative
stress [12–14]. Advanced oxidation protein products
(AOPP), which are important derivatives of such damaged
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proteins, mainly originate from oxidatively modified albu-
min and have been identified recently as circulating plasma
biomarkers of oxidation stress [15]. Indeed, AOPP accumu-
late in the serum of patients with various chronic diseases,
such as inflammatory bowel disease, diabetes, and chronic
kidney disease [16]. A previous study revealed that reactive
oxygen species (ROS), which are potent oxidants, can be gen-
erated by AOPP through a NADPH oxidase-dependent
pathway [17]. Research on diabetic nephropathy also showed
that the accumulation of AOPP can induce oxidative stress
and mitochondrial injury [18]. Other studies demonstrated
that AOPP can act as potent inducers of apoptosis [19, 20].
Recently, abnormal accumulation of AOPP was found in
the articular cartilage of rodent osteoarthritis (OA) models
and had an endogenous pathogenic role in OA progression
[21]. In addition, a prior study showed that AOPP partici-
pated in age-related changes in rat lumbar IVDs [22]. Con-
sidering that IVD cells and chondrocytes share phenotypic
and morphological similarities, it is important to investigate
how AOPP work in IDD progression, which remains unclear
thus far [23].

Many constituents of medicinal herbs, including allicin,
have various benefits [24]. Allicin, one of the organosulfur
compounds extracted from the garlic bulb, shows potent
effects on eliminating free radicals, abating oxidative stress,
and protecting mitochondrial functions [25–28]. Recent
studies have also demonstrated that allicin exerts extensive
therapeutic effects in various diseases, such as cardiovascular
and chronic kidney disease, because of its antioxidant prop-
erties, while its influence on IDD is still unknown [28–30].

Based on the above findings, we hypothesized that the
accumulation of AOPP in the disc microenvironment might
contribute to oxidative stress in NP cells, which further erode
mitochondrial functions and promote apoptosis. The present
study was undertaken to explore the role of AOPP in oxida-
tive stress and apoptosis of human NP cells and to determine
the effect of allicin on these AOPP-mediated processes. We
exposed NP cells in vitro to different levels of AOPP or allicin
and gathered experimental data on multiple aspects, such as
cell proliferation, apoptosis, oxidative stress, and changes in
the mitochondrial membrane. In addition, as an important
avenue for cell demise, the activation of MAPK pathways
was reported to be crucially involved in ROS-triggered apo-
ptosis [31, 32]. Considering the role of ROS as a pathogenic
intermediary of AOPP-initiated diseases, thus, we detected
the expression of key proteins in MAPK signaling pathways
potentially mediating the effects of AOPP on NP cells [17].
We aimed to provide a general overview of the molecular
mechanisms by which AOPP affected human NP cells and
inform possible therapeutic strategies. Our research is aimed
at helping to better understand the pathogenesis of IDD and
providing a promising therapeutic approach to retard its
progression.

2. Material and Methods

2.1. Collection of NP Tissue and Ethics Statement. To separate
NP cells, the healthy NP specimens (Pfirrmann I or II) of
human IVD were obtained from deformity correction sur-

gery for 6 patients (3 females and 3 males; average age: 18.3
years; age range: 16-20 years) with idiopathic scoliosis. To
compare AOPP levels, the degenerative NP tissues (Pfirr-
mann IV or V) were acquired from spinal decompression
surgery for 3 patients (2 females and 1 male; average age
63.4 years; age range: 63-65 years) with spinal stenosis, and
the healthy tissues were collected from deformity correction
surgery for 3 patients (2 males and 1 female; average age 25
years; age range: 24-26 years) with idiopathic scoliosis. In
brief, after being excised intraoperatively, the healthy tissues
used for separating cells were instantly put into a chilled ves-
sel with Hank’s balanced salt solution, and the other healthy
or degenerative tissues used for AOPP testing were snap-
frozen. All samples were then transported to the laboratory
for the further handling according to their intended use or
cryopreserved in liquid nitrogen. Each donor was informed
of the experimental usage of the NP tissue, and their
approvals were acquired. Our research protocol was
approved by the Clinical Research Ethics Committee of
Tongji Medical College, Huazhong University of Science
and Technology. All methods were applied in strict adher-
ence with the approved guidelines.

2.2. Separation and Culture of NP Cells. Briefly, the fresh tis-
sue was chopped into small pieces (1mm3 or so) and digested
at 37°C using 0.25% trypsin (Gibco, UK) for 30min before
0.2% collagenase-type 2 (Gibco, UK) for 4 h in a humid envi-
ronment with 5% CO2. The suspension was centrifuged after
the pieces were filtered and washed using phosphate buffered
saline (PBS). Next, the cultivation of separate cells was con-
ducted in Dulbecco’s modified Eagle’ medium (DMEM)
comprising nutrient admixture F12 (Gibco, USA) and 15%
fetal bovine serum (FBS; Gibco, USA) and streptomycin
(100 μg/ml; Gibco, USA) as well as penicillin (100 units/ml;
Gibco, USA). The culture medium was renewed every three
days until cell passaging was performed at 80% confluence.
Fluorescently labeled antibodies against NP cell markers
(CD24, ab31622; KRT18, ab215839; Abcam, UK) were used
to identify the phenotype of NP cells, as described previously
[33]. Cells at the second passage were utilized in the subse-
quent experiments.

2.3. AOPP Preparation and Assessment. Human serum albu-
min (HSA) solution (30mg/ml) was incubated with 100mM
HOCl in PBS (pH = 7:4) at ordinary temperature for 30min.
An equimolar concentration of thiosulfate was used to dis-
continue the reaction and block excess HOCl before the solu-
tion was dialyzed for 24 h at 4°C. AOPP-HSA were assessed
according to previous description [34]. In short, the samples
and 160μL citric acid (0.20mol/L) were added into a 96-well
microplate. Then, the calibrated chloramine-T model com-
pound, 10ml potassium iodide (KI, 1.16mol/L in PBS), and
10μL citric acid (0.20mol/L) were successively pipetted into
the plate. Next, the absorbance was read on a spectropho-
tometer (Waltham, MA, USA) at 340nm. The level of AOPP
was expressed as μMol/ml of chloramine-T equivalents.

2.4. Protocols of NP Cell Culture and Treatment. To evaluate
the impact of AOPP, the NP cells were either cotreated with
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incremental concentrations of AOPP (0, 100, 200, and
400μg/ml) for 24 h, or with 400μg/ml AOPP for different
time points (0, 2, 6, 12, and 24 h). Allicin (purity > 98%)
was bought from MedChemExpress (Shanghai, China). The
cells were cotreated with incremental levels of allicin (0, 5,
10, 20, and 40μM) for 24h to explore the effect of allicin
on them. Then, to evaluate the possible protective role of alli-
cin against AOPP-induced unfavorable influences including
restrained viability and proliferation, apoptosis, oxidative
stress, and mitochondrial dysfunction, the cells were pre-
treated with incremental concentrations (0, 5, 10, and
20μM) of allicin for 2 h and then with AOPP (400 μg/ml)
for 24 h. To examine whether MAPK pathways were acti-
vated in AOPP-induced oxidative damage, NP cells were
treated with 400 μg/ml AOPP. To explore the signaling path-
way through which allicin mitigated AOPP-induced oxida-
tive stress and apoptosis of NP cells, the cells in the
experimental groups were pretreated with different concen-
trations of allicin (0, 5, 10, and 20 μM) for 2 h, and then
cotreated with AOPP (400 μg/ml) for 24h. To validate the
MAPK pathway underlying the protective effects of allicin
against AOPP, the NP cells were treated, respectively, with
allicin (10μM), p38-MAPK inhibitor SB202190 (10μM),
JNK inhibitor SP600125 (10μM), and ERK inhibitor
SCH772984 (10μM) for 2 h, and then with AOPP
(400μg/ml) for 24h. To examine whether the p38-MAPK
agonist can block the positive effects of allicin, the human
NP cells were pretreated with allicin (10μM) or allicin
(10μM) in combination with p38-MAPK activator Dehydro-
corydaline chloride (Dc, 500nM) for 2 h, then treated with
AOPP (400μg/ml) for 24 h.

2.5. Appraisals of NP Cell Viability and Proliferation. The via-
bility of human NP cells treated with allicin or AOPP was
evaluated employing CCK-8 assay (Dojindo, Japan). Briefly,
suspended human NP cells were pipetted into a 96-well plate
for 24 h incubation, and then the cells were cotreated with
incremental concentrations of allicin or AOPP for different
time periods. Afterward, NP cells in each well were appended
with 10μL solution of CCK-8 and then were cultured in the
fresh medium at 37°C for 4 h. Eventually, the absorbance at
450nm was gauged employing a spectrophotometer (BioTek,
Winooski, USA).

The evaluation of NP cell proliferation was performed
with a BeyoClickEdU-488 Cell Proliferation kit (Beyotime,
Shanghai, China). The procedures were mainly in accord
with instructions of the manufacturer. The images were
acquired employing fluorescent microscopy (Olympus
IX71, Japan).

2.6. Flow Cytometry for Analyzing Apoptosis, ROS, and MTP.
Human NP cells were harvested after being treated in each
group. An Annexin V-FITC Apoptosis Detection Kit (Key-
GEN, China) was utilized to estimate the apoptotic levels of
NP cells. The alterations of MTP were measured utilizing
the cationic fluorescent indicator JC-1 (Beyotime). The
ROS levels of cells were detected using the fluorescent dye
dihydroethidium (DHE, Beyotime). The fluorescence inten-
sity emitted by DHE was measured by flow cytometry, and

ROS levels were expressed as mean fluorescence intensity
for comparison. The final ROS level of each experimental
group was expressed as a ratio relative to that of control
group. All the above procedures were in accordance with pre-
vious descriptions [35]. Analysis of the sample was by dint of
a FACSCalibur flow cytometer (BD Biosciences).

2.7. Lipid Peroxidation Detection. A malondialdehyde
(MDA) Assay Kit (Beyotime, China) was used to detect the
cellular lipid peroxidation. MDA is considered as a distinc-
tive peroxidative product of lipid. Briefly speaking, NP cells
were dissolved in MDA standards before blending with the
working solution of thiobarbituric acid (TBA), in accordance
with instructions. The absorbance of the MDA-TBA com-
pound was gauged at 532nm by using an automatic micro-
plate reader (Multiskan MK3, Thermo Scientific, USA). The
level of cellular MDA was reckoned on the basis of the stan-
dard curve.

2.8. Immunofluorescence Staining. Immunofluorescence
staining was done to NP cells according to previous descrip-
tions [36]. Primary antibodies aiming at cleaved caspase-3 (1:
400; #9579, Cell Signaling Technology) were first used to
incubate with NP cells at 4°C for all night. In the second
day, a continued incubation with the secondary antibodies
Cy3 conjugated goat anti-rabbit IgG (1 : 200; BA1032, Boster
Biological Technology) lasted for 2 h. DAPI (Beyotime) was
used to stain the nuclei. Images of fluorescence were obtained
via immunofluorescent microscopy (Olympus IX71, Japan)
as well as confocal laser-scanning microscopy (LSM780,
ZEISS, Germany). The immunofluorescence intensity values
were determined using the ImageJ image analysis software
(NIH). For the stained sample from each group, the mean
immunofluorescence was determined by analyzing the fluo-
rescence intensity values of three randomly selected images
under the same magnification (×400). In order to compare
the fluorescence intensity between groups, all the image anal-
yses were performed using the same protocol. The final fluo-
rescence intensity of each experiment group was expressed as
a ratio relative to that of control group.

2.9. Western Blotting. The total and cytoplasmic, as well as
mitochondrial proteins from elaborately treated NP cells
were extracted employing the commercial kits, following
the merchant guide (Beyotime, China). Levels of these pro-
teins were then gauged employing an Enhanced BCA Protein
Assay Kit (Beyotime, China). 10–12% SDS-PAGE gels were
used to separate these proteins, which were then transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
USA). The PVDF membranes were previously blocked
before an overnight incubation at 4°C with primary antibod-
ies (1 : 500–1 : 1000) and then with horseradish peroxidase-
(HRP-) conjugated secondary antibodies (1 : 2000; Abcam).
Enhanced chemiluminescence reagents (Amersham, Piscat-
away, USA) were utilized to examine the expressed proteins.
Primary antibodies against the following molecules were
used: Bax (ab32503, Abcam), cytochrome-c (ab133504,
Abcam), cleaved caspase-3 (#9579, Cell signaling Technol-
ogy), Bcl-2 (ab196495, Abcam), VDAC1 (sc-32063, Santa
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Cruz Bio-technology), cleaved caspase-9 (#9505, Cell Signal-
ing Technology), GAPDH (#5174, Cell Signaling Technol-
ogy), MAPK Family Antibody Sampler Kit (#8690, #4695,
and #9252; Cell Signaling Technology), and Phospho-
MAPK Family Antibody Sampler Kit (#4511, #4370, and
#4668; Cell Signaling Technology).

2.10. Enzyme-Linked Immunosorbent Assay (ELISA) for
AOPP Testing. After being weighted, the NP tissues were
cut into pieces, mixed with PBS solution (9ml per gram),
and fully ground. Then, the sample was centrifuged
(C2500-R-230V, Labnet, USA) at 1000 × g for 20min. The
supernatant was collected and tested with ELISA Kit for
AOPP (Cloud-Clone Corp, USA) according to the manual.
The optical density (O.D. value) of each well was measured
at 450nm using a microplate reader (Multiskan MK3,
Thermo scientific). The concentrations of AOPP were calcu-
lated from the standard curve according to the manufac-
turer’s instructions.

2.11. Data Analysis.All experiments were independently rep-
licated at least three times. The analysis of data was finished
with the SPSS v.18.0 software (USA). The data from all
groups were presented as means ± SD (standard deviation).
Contrastive analysis of means between groups was evaluated
using Student’s t-test or one-way analysis of variance
(ANOVA) with post hoc analysis using the Tukey’s test.
Graphic analysis of the data was conducted using GraphPad
Prism 7.0 (GraphPad Software, California, USA). p < 0:05
was the prerequisite to conclude that differences among sta-
tistics were meaningful.

3. Results

3.1. AOPP Inhibited NP Cell Viability and Proliferation and
Were Accumulated in the Degenerative IVD. To explore the
impact of AOPP on the viability and proliferation of NP cells
in vitro, a group of human NP cells were treated with incre-
mental concentrations of AOPP (0, 100, 200, and 400μg/ml)
made from human serum albumin (HSA) for 24 h, and then
another contrastive group was treated with a high level of
AOPP (400μg/ml) for different times (0, 2, 6, 12, and 24 h).
Compared with the control, the AOPP-treated groups
showed suppressed cell viability and proliferation, detected
by CCK-8 kit and EdU staining, respectively. Notably, this
visualized inhibition was both dose-dependent and time-
dependent as depicted (Figures 1(a)–1(d)). Moreover, to
explore the clinical relevance of the current study, we com-
pared the levels of AOPP between the control human IVD
tissues (Pfirrmann I or II) and the degenerative IVD tissues
(Pfirrmann IV or V). Results showed that the levels of AOPP
in degenerative tissues were significantly higher than that of
control tissues (Figure S1(c)).

3.2. Effect of Allicin on NP Cell Viability and Proliferation. To
explore the cytotoxic effect of allicin on NP cells, incremental
concentrations of allicin (0, 5, 10, 20, and 40μM) were sepa-
rately appended to independent groups for 24h. The CCK-8
assay and EdU staining showed that incubation with <40μM
allicin enhanced the cell viability and proliferation, which

reached the highest level when the allicin was around
10μM. However, the concentration growing from a critical
value between 20μM and 40μM showed inhibition to cell
viability and proliferation as presented in the figure
(Figures 2(a) and 2(b)).

3.3. Allicin Improved the Viability and Proliferation of AOPP-
Stimulated NP Cells.Considering the critical value of the ben-
eficial dosage, we used 0, 5, 10, and 20μM allicin to pretreat
the NP cells for 2 h, which were then cotreated with AOPP-
HSA for 24 h. Unsurprisingly, allicin pretreatment attenu-
ated the impaired viability and proliferation of NP cells
under AOPP challenge, which were measured employing
CCK-8 and EdU staining. In addition, the most beneficial
concentration of allicin was around 10μM (Figures 2(c)
and 2(d)).

3.4. Allicin Protected NP Cells from AOPP-Induced Apoptosis.
Apoptosis of NP cells was detected employing the Annexin
V-FITC Apoptosis Detection Kit (KeyGEN, China). After
treated by 400μg/ml AOPP for 24h, the NP cells exhibited
a high apoptosis rate (>30%) compared with that (<10%) of
the control group (Figure 3(a)). However, when pretreated
with different levels of allicin (5, 10, and 20μM), 10 and
20μM allicin pretreatment groups showed reduced apoptosis
rate compared with the AOPP alone treatment group. It was
of note that 10μM seemed to be the best protective concen-
tration of allicin against AOPP-induced apoptosis
(Figure 3(a)). Also, apoptosis-associated proteins were mea-
sured by usingWestern blotting. As expected, common proa-
poptotic proteins including Bax, cleaved caspase-3,
cytoplasmic cytochrome-c, and cleaved caspase-9 were
highly promoted in the AOPP-treated group, while that in
allicin-pretreated groups were relatively abated, especially
in the 10μM allicin group. Correspondingly, antiapoptotic
Bcl-2 and mitochondrial cytochrome-c were lowered in the
group only treated with high levels of AOPP, while that were
raised in allicin-pretreated groups, particularly in the 10μM
allicin group. To detect cleaved caspase-3, another assay,
immunofluorescence staining, was also employed to appraise
the apoptotic differences among groups. Results showed that
cleaved caspase-3 was highly expressed in AOPP group com-
pared with allicin groups, where the level of cleaved caspase-3
dropped to varying degrees. In summary, these results indi-
cated that allicin worked in resisting AOPP-induced apopto-
sis to protect NP cells.

3.5. Allicin Protected NP Cells from Oxidative Stress and
Mitochondrial Dysfunction Induced by AOPP. Next, we
explored the mechanisms behind AOPP-induced apoptosis
and how allicin antagonized it. AOPP have been reported
to cause mitochondrial dysfunction through a ROS-
dependent way, which might expound the apoptosis phe-
nomenon of NP cells [37]. Here, the dihydroethidium-
(DHE-) dyed products of ROS were detected by flow cytom-
etry. The results showed that AOPP evidently increased ROS
levels in NP cells, while allicin pretreatment partially
restrained this effect (Figures 4(a)–4(c)). Moreover, we
detected the level of MDA, a characteristic peroxidative
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product of lipid. We found that the AOPP challenge pro-
moted the MDA generation, which was inhibited partially
by allicin pretreatment (Figure 4(d)). To appraise the func-

tion of mitochondria under oxidative stress, we turned our
attention to the MTP, whose depolarization proved the key
event of intrinsic apoptosis. JC-1 assay indicated that the

150

100

50

0
AOPP

(𝜇g/ml)
0 100 200 400

⁎
⁎⁎

Ce
ll 

vi
ab

ili
ty

 (%
)

(a)

Control

EdU DAPI Merge

AOPP
100 𝜇g/ml

AOPP
200 𝜇g/ml

AOPP
400 𝜇g/ml

40

30

20

10

0
AOPP

(𝜇g/ml)
0 100 200 400

⁎⁎
⁎

Ed
U

 p
os

iti
ve

 ce
lls

 (%
)

(b)

150

100

50

0
Time(h) 0 2 6 12 24

⁎ ⁎⁎

Ce
ll 

vi
ab

ili
ty

 (%
)

(c)

0 h 2 h 6 h 12 h 24 h

EdU

DAPI

Merge

Ed
U

 p
os

iti
ve

 ce
lls

 (%
) 40

30

20

10

0
Time(h) 2 6 12 24

⁎

⁎
⁎⁎

0

(d)

Figure 1: AOPP treatment inhibited human NP cell viability and proliferation in a dose- and time-dependent manner. (a) The human NP
cells were treated with AOPP (0, 100, 200, and 400μg/ml) for 24 h, and 0 μg/ml group served as a control. The cell viability of each group was
detected by a CCK-8 assay. (b) The human NP cells were treated with AOPP (0-400μg/ml) for 24 h, and 0μg/ml group served as a control.
The cell proliferation was determined using EdU staining combined with DAPI staining for the nuclei under fluorescence microscope, with
the EdU positive cells quantitated. Original magnification:×200. (c) The human NP cells were treated with 400μg/ml AOPP for 0 h, 2 h, 6 h,
12 h, and 24 h, and 0 h group served as a control. The cell viability of each group was detected by a CCK-8 assay. (d) The human NP cells were
treated with 400 μg/ml AOPP for 0 h, 2 h, 6 h, 12 h, and 24 h, and 0 h group served as a control. The cell proliferation was determined using
EdU staining combined with DAPI staining for the nuclei under fluorescence microscope, with the EdU positive cells quantitated. Original
magnification:×200. Data were represented as mean ± SD. ∗p < 0:05 and ∗∗p < 0:01 versus the control group, n = 3.
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Figure 2: Effects of allicin on the human NP cell viability and proliferation. (a) The human NP cells were treated with allicin (0, 5, 10, 20, and
40μM) for 24 h, and 0 μM group served as a control. The cell viability of each group was detected by a CCK-8 assay. ∗p < 0:05 versus the
control group, n = 3. (b) The human NP cells were treated with allicin (0-40 μM) for 24 h, and 0μM group served as a control. The cell
proliferation was determined using EdU staining combined with DAPI staining for the nuclei under fluorescence microscope, with the
EdU positive cells quantitated. Original magnification:×200. ∗p < 0:05 versus the control group, n = 3. (c) The human NP cells pretreated
by allicin (0, 5, 10, and 20 μM) were treated with 400μg/ml AOPP, and the cell viability of each group was examined by the CCK-8 assay.
#p < 0:05 versus the control group, ∗p < 0:05 versus the AOPP alone treatment group, n = 3. (d) The cell proliferation of each group was
determined using EdU staining under fluorescence microscope, with the EdU positive cells quantitated. Original magnification:×200. Data
were represented as mean ± SD. ##p < 0:01 versus the control group, ∗p < 0:05 versus the AOPP alone treatment group, n = 3.
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Figure 3: Continued.
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MTP was decreased markedly due to AOPP stimulation,
while allicin pretreatment could attenuate this damage to
some extent (Figure 4(e)). In summary, allicin pretreatment
attenuated oxidative stress and mitochondrial dysfunction
induced by AOPP in NP cells.

3.6. Allicin Protected against AOPPMediated Oxidative Stress
and Mitochondrial Apoptosis via Suppressing the p38-MAPK
Pathway. Activation of MAPK pathways constitutes a key
component in oxidative stress-associated apoptosis [38]. To
ascertain the signaling pathway underlying apoptosis of NP
cells stimulated by AOPP, Western blotting was performed
to appraise the levels of MAPK subfamilies: p38, p-p38,
ERK, p-ERK, JNK, and p-JNK. The results showed that
AOPP treatment markedly increased the expression of all
the above proteins associated with MAPK pathways
(Figures 5(a)–5(d)). Therefore, MAPK signaling pathways
might play an important role in AOPP-induced apoptosis
of human NP cells. Next, we detected the levels of activated
MAPK pathways in allicin-pretreated groups. Unsurpris-
ingly, allicin pretreatment suppressed the activation of these
MAPK pathways, with the best performance in 10μM allicin
group. Then, the p38 inhibitor SB202190, the JNK inhibitor
SP600125, and the ERK inhibitor SCH772984 were used to
validate the activation of MAPK pathways. NP cells were pre-
treated, respectively, with allicin (10μM), SB202190 (10μM),
SP600125 (10μM), and SCH772984 (10μM) for 2 h, before
being treated with AOPP for 24h. Compared with AOPP-
treated group, in SB202190-treated group, we observed pro-

moted proliferation, decreased level of ROS, downregulated
cleaved caspase-3, and partial recovery of MTP, and these
effects resembled the allicin-treated group (Figures 6(a)–
6(d)). The inhibited expression of p38 or p-p38 in
SB202190-treated group was corroborated by Western blot
(Figure S1(a), (b)). However, parts of such protective effects
were not found in SP600125- or SCH772984-treated
groups, where the cell viability, apoptosis rate, and relative
ROS levels of NP cells resembled that of the AOPP alone
treatment group (Figure S2). In summary, AOPP induced
oxidative stress and activated mitochondrial apoptosis in
NP cells via activation of p38-MAPK pathway, while allicin
could exert protective effects against AOPP by inhibition of
such signaling pathway.

3.7. p38-MAPK Agonist Could Block the Effects of Allicin on
AOPP-Induced Oxidative Stress and Mitochondrial
Apoptosis. To further examine whether inhibited p38-
MAPK pathway actually functioned in allicin-mediated pro-
tection against AOPP-induced oxidative stress and mito-
chondrial apoptosis, the p38-MAPK activator
Dehydrocorydaline chloride (Dc) was used. The human NP
cells were pretreated with allicin (10μM) or allicin (10μM)
in combination with Dc (500 nM) for 2 h, and then treated
with AOPP (400μg/ml) for 24h. The restrained cell prolifer-
ation, promoted apoptosis, ROS generation, and decrease of
MTP induced by AOPP were mitigated to varying degrees
in allicin pretreatment group, while these protective effects
of allicin were markedly blocked by p38-MAPK agonist Dc
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Figure 3: Allicin treatment alleviated AOPP-induced human NP cell apoptosis. (a) The human NP cells were pretreated with various
concentrations of allicin (0, 5, 10, and 20 μM) for 2 h, followed by stimulation with 400μg/ml AOPP for 24 h. And the rate of cell
apoptosis was detected by flow cytometry with Annexin V-FITC/PI dual staining. The proportion of apoptotic cells in the first and fourth
quadrant was measured for analysis. (b–h) The protein levels of Bax, Bcl-2, c-caspase 3, c-caspase 9, mitochondrial Cyt-c, and cytoplasmic
Cyt-c were determined using Western blotting analysis (b) and quantified in (c–h). (i) Representative images of immunofluorescence
staining for cleaved caspase-3 in each group, with the relative fluorescence intensity quantified. Original magnification:×400. Data were
represented as mean ± SD. ##p < 0:01 versus the control group; ∗p < 0:05 and ∗∗p < 0:01 versus the AOPP alone treatment group, n = 3.
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(Figure 7). In short, inhibition of the p38-MAPK pathway
was an important avenue mediating the effect of allicin on
AOPP-induced oxidative stress and mitochondrial apoptosis.

4. Discussion

LBP is a cosmopolitan problem that has become not only a
medical issue, but also a socioeconomic burden in contempo-
rary society [39]. IDD is the main contributor to LBP [40].
Although many efforts have been made to alleviate the symp-
toms of IDD, valid pharmacotherapy to inhibit IDD progres-
sion is still missing, possibly due to an insufficient
understanding of its etiology [17, 41]. As a joint outcome of
various initiators, abnormal apoptosis of NP cells has been

widely detected in degenerative discs and is considered one
of the most common pathogenetic mechanisms of IDD [9].
In fact, the extent of apoptosis of cells in regressive disc spec-
imens is 53%~73%, as reported previously [42].

Apoptotic pathways include the death receptor (also
called the extrinsic) pathway and the mitochondrial (also
called the intrinsic) pathway [43]. Cytochrome-c release,
apoptotic body formation, and activating the caspase cascade
are necessary components of the mitochondrial apoptotic
pathway, which can be initiated by diverse factors including
intracellular oxidative stress [44]. A newly described marker
of oxidative stress in the serum is represented by AOPP, a
group of protein products that contain dityrosine residues
and are produced by oxidants, such as hypochlorous acid
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Figure 4: Allicin treatment inhibited AOPP-induced oxidative stress and mitochondrial dysfunction of human NP cells. (a, b) The human
NP cells were pretreated with different concentrations of allicin (0, 5, 10, and 20 μM) for 2 h, before treatment with 400μg/ml AOPP for
24 h. The intracellular ROS levels of the NP cells for each group were detected by ROS-specific fluorescent probe DHE and measured by
subsequent flow cytometry analysis. Representative peak charts of flow cytometry and relative quantitative analysis were shown. (c) The
intracellular MDA levels (as a marker of lipid peroxidation) of human NP cells were examined by a commercial kit. (d, e) The
mitochondrial membrane potential of human NP cells in each group was examined by JC-1 staining and measured by subsequent flow
cytometry analysis. The quantitative analysis of the ratio of red fluorescence (y axis) to green fluorescence (x axis) and representative
scatter plots of flow cytometry were shown. Data were represented as mean ± SD. #p < 0:05 and ##p < 0:01 versus the control group; ∗p <
0:05 and ∗∗p < 0:01 versus the AOPP alone treatment group, n = 3.
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and chloramines secreted by activated neutrophils [45, 46].
However, recent studies have shown that AOPP are not only
biomarkers of oxidative stress, but also a new type of oxida-
tive pathogenic mediator [17]. To date, AOPP have been
reported to be involved in several diseases, including progres-
sive nephropathies and neuroinflammation, via a redox-
dependent way [47, 48]. For example, a previous study
showed that extracellular accumulation of AOPP triggered
the production of ROS and induced apoptosis of dorsal root

ganglion neurons [49]. However, it has not yet been eluci-
dated whether the accumulation of AOPP can lead to apo-
ptosis of human NP cells, which plays a key role in the
pathogenesis of IDD. In the present study, we found dispar-
ities of the AOPP levels in between healthy (Pfirrmann I or
II) and degenerated (Pfirrmann IV or V) human NP tissues.
The levels of AOPP in the degenerated specimens were much
higher than that in the healthy samples, which might suggest
a pathogenic function of AOPP in IDD progression.
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Figure 5: Effects of allicin on AOPP-inducedMAPK pathway activation. (a) The human NP cells were pretreated with various concentrations
of allicin (0, 5, 10, and 20 μM) for 2 h, followed by stimulation with 400μg/ml AOPP for 24 h. The protein levels of ERK, phosphorylated ERK,
p38, phosphorylated p38, JNK, and phosphorylated JNK were determined using Western blotting analysis. (b–d) Immunoblot bands
corresponded to (b) p-ERK, (c) p-p38, and (d) p-JNK were quantified by densitometric analysis and normalized to their corresponding
total kinase. Data were represented as mean ± SD. ##p < 0:01 versus the control group; ∗p < 0:05 and ∗∗p < 0:01 versus the AOPP alone
treatment group, n = 3.
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Figure 6: Allicin alleviated AOPP-induced oxidative stress and mitochondrial dysfunction via p38-MAPK pathway in human NP cells. (a)
The human NP cells were pretreated with allicin (10 μM) or p38-MAPK inhibitor SB202190 (10 μM) for 2 h, then treated with AOPP
(400 μg/ml) for 24 h. The cell proliferation was determined using EdU staining combined with DAPI staining for the nuclei under
fluorescence microscope, with the EdU positive cells quantitated. Original magnification:×200. (b) Representative images of
immunofluorescence staining for cleaved caspase-3 in each group, with the relative fluorescence intensity quantified. Original
magnification:×400. (c) The intracellular ROS levels of the NP cells for each group were detected by ROS-specific fluorescent probe DHE
and measured by subsequent flow cytometry analysis. (d) The mitochondrial membrane potential of human NP cells in each group was
examined by JC-1 staining and measured by subsequent flow cytometry analysis. Representative scatter plots of flow cytometry and the
quantitative analysis of red fluorescence to green fluorescence ratio were shown. Data were represented as mean ± SD. #p < 0:05 and
##p < 0:01 versus the control group; ∗p < 0:05 and ∗∗p < 0:01 versus the AOPP alone treatment group, n = 3.
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Figure 7: Allicin alleviated AOPP-induced oxidative stress and mitochondrial dysfunction via p38-MAPK pathway in human NP cells. (a)
The human NP cells were pretreated with allicin (10 μM) or allicin (10 μM) in combination with p38-MAPK activator Dehydrocorydaline
chloride (Dc, 500 nM) for 2 h, then treated with AOPP (400 μg/ml) for 24 h. The cell proliferation was determined by EdU staining
combined with DAPI staining for the nuclei under fluorescence microscope, with the EdU positive cells quantitated. Original
magnification:×200. (b) The cell apoptosis rate was detected by flow cytometry with Annexin V-FITC/PI dual staining. The proportion of
apoptotic cells in the first and fourth quadrant was measured for analysis. (c) The intracellular ROS levels for each group were detected by
ROS-specific fluorescent probe DHE and measured by subsequent flow cytometry analysis. (d) The mitochondrial membrane potential of
human NP cells in each group was examined by JC-1 staining and measured by subsequent flow cytometry analysis. Data were
represented as mean ± SD. ##p < 0:01 versus the control group, ∗p < 0:05 and ∗∗p < 0:01 versus the AOPP alone treatment group, and
&p < 0:05 and &&p < 0:01 versus the AOPP+allicin treatment group, n = 3.
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To explore the effects of AOPP on IDD, we separated NP
cells from the healthy samples for further research. For the
human NP cell isolation, since excessive time of digestion
may be harmful to the cell viability, we chopped the NP tissue
into small pieces to digest faster [50, 51]. In addition, a note-
worthy difficulty for us in primarily culturing human NP
cells was contamination, and the combined use of penicillin
and streptomycin effectively prevented microbial contamina-
tion in the cell culture. Next, we exposed well-grown human
NP cells of second passage to different levels of AOPP and
assessed cell viability, proliferation, and apoptosis using the
CCK-8 assay, EDU staining, and flow cytometry, respec-
tively. The results showed that AOPP restrained the activity
and proliferation of NP cells in both concentration- and
time-dependent manners and promoted cell apoptosis.

After treating NP cells with AOPP, we detected the over-
expression of proapoptotic proteins, including Bax, cyto-
chrome-c, cleaved caspase-9, and cleaved caspase-3, while
the level of the antiapoptotic protein, Bcl-2, was downregu-
lated. This might be related to impaired mitochondrial func-
tion. Moreover, previous research found that AOPP could
augment the level of ROS by activating NADPH oxidase, thus
inducing preosteoblast apoptosis [19]. A leading source of
cellular oxidative stress, ROS, is mainly derived from mito-
chondria, being generated in the electron transport chain
[52, 53]. Previous studies indicated that excess ROS increased
the Bax/Bcl-2 ratio and damaged key intracellular targets,
such as the mitochondrial membrane, thereby promoting
apoptosis through the mitochondrial apoptotic pathway
[52, 54, 55]. In the prophase of mitochondrial apoptosis,
the mitochondrial membrane is oxidatively damaged after
attack by ROS, resulting in enhanced mitochondrial outer
membrane permeability and a decreased MTP [56–58].
Moreover, ROS overproduction also increases Bax/Bcl-2
ratio, which can further impair the mitochondrial membrane
and decrease the MTP [55]. Depolarization of the MTP, as a
characteristic change in the forepart of apoptosis, contributes
to the release of apoptosis-inducing factor and cytochrome-c
from mitochondria, which in turn triggers the activation of
caspase-9 and caspase-3, and the subsequent cascade of cas-
pases, leading to the irreversible process of apoptosis [57,
59–62]. Therefore, our results indicated that AOPP might
trigger the mitochondrial apoptosis pathway.

To further explore the mechanism underlying apoptosis,
we first measured the intracellular levels of two main indica-
tors of oxidative stress after treatment of NP cells with AOPP:
ROS and malondialdehyde (MDA), a specific marker for
lipid oxidation. As expected, the levels of both compounds
were elevated, demonstrating the existence of AOPP-
induced oxidative stress in NP cells. Then, we measured the
MTP using the cationic fluorescent indicator, JC-1. The
results showed depolarization of the MTP, suggesting mito-
chondrial dysfunction. A recent study targeting human
chondrocytes revealed that AOPP could cause mitochondrial
dysfunction in a ROS-dependent manner and induce apo-
ptosis, in line with our findings [37].

As a natural compound extracted from garlic bulbs, alli-
cin has been shown to exert potent antioxidant properties
and is thus used as an antioxidant agent for the treatment

of many diseases [63]. Previous studies have shown that alli-
cin can reduce ROS levels, abate lipid peroxidation, and pro-
tect cells from apoptosis [28, 30, 64, 65]. Considering the
prominent antioxidant properties of allicin, we conjectured
that it could antagonize AOPP-induced oxidative injury to
NP cells and inhibit apoptosis. Therefore, we used AOPP as
an oxidative source and explored the function of allicin. NP
cells were pretreated with different levels of allicin before
exposure to high concentrations of AOPP (400μg/ml). Com-
pared with the AOPP alone treatment group, allicin-
pretreated NP cells exhibited less apoptosis and a lower
Bax/Bcl-2 ratio, as well as reduced expression of apoptosis-
related proteins including cleaved caspase-3 and -9 and cyto-
chrome-c, demonstrating that allicin could mitigate AOPP-
induced apoptosis of NP cells.

We also measured the intracellular levels of ROS and
MDA, which were decreased in allicin-pretreated groups
compared with the AOPP alone treatment group. This sup-
ported the antioxidative capability of allicin. In addition, by
measuring MTP, we showed that AOPP-induced mitochon-
drial damage in NP cells was attenuated in the allicin-
pretreated groups. Overall, our results showed that allicin
could mitigate AOPP-induced oxidative stress and activation
of the mitochondrial apoptosis pathway through its antioxi-
dative properties in human NP cells, consistent with the
results of Hong et al. [66] who discovered that allicin abated
acrylamide-induced oxidative stress in BRL-3A cells. How-
ever, it is possible that these results do not represent the
intracorporal effect of allicin, whose elucidation requires fur-
ther experiments.

Mitogen-activated protein kinase (MAPK) signaling
pathways are important avenues for apoptosis. MAPK is
comprised of three chief subgroups: p38-MAPK, extracellu-
lar signal-regulated kinase (ERK), and c-Jun N-terminal
kinase (JNK) [67]. Previous studies have shown that the
MAPK pathway is significantly involved in cell proliferation,
differentiation, and apoptosis and can be activated by various
inflammatory cytokines and cellular stressors, such as ultra-
violet rays, DNA damage, and oxidative stress [68, 69]. In
particular, ROS engendered by NADPH oxidase are potent
MAPK activators [70, 71]. Therefore, we choose to assess
these primary members of the MAPK family to ascertain
the signaling pathway underlying AOPP-induced apoptosis
in NP cells and the protective role of allicin. The NP cells
were treated with high levels of AOPP (400μg/ml) before
determining the levels of p38, ERK, JNK, and their phosphor-
ylation forms. All three MAPK subfamilies were significantly
activated by AOPP administration. According to previous
studies, it is of note that p38-MAPK signaling pathway could
also be activated in a time-dependent manner by various fac-
tors, such as LPS, TNF-alpha, and IL-1beta [72, 73]. A similar
assay was performed following treatment with different con-
centrations of allicin for 2 h, and then with the highest level of
AOPP (400μg/ml) for 24h. Notably, we observed
concentration-dependent inhibition of all the three MAPK
pathways in the allicin-pretreated groups. Afterwards, p38
inhibitor SB202190, JNK inhibitor SP600125, and ERK
inhibitor SCH772984 were used to validate the pathway
involved in AOPP-induced apoptosis of NP cells and in the
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antagonistic effect of allicin against AOPP. It was of note that
though all MAPK subfamilies were activated, the protective
function against AOPP was found only when the p38, but
not the JNK or ERK, was inhibited. The extent of apoptosis
and the levels of ROS of the SB202190-treated group were
significantly lower than that of the AOPP alone treatment
group and were similar with that of allicin-treated group.
Correspondingly, our results of Western blotting showed
that the expression of p38 or p-p38 was decreased by allicin
pretreatment. Next, we used the p38-MAPK activator Dc to
further validate the role of inhibited p38-MAPK pathway in
allicin-mediated protection against AOPP-induced oxidative
stress and mitochondrial apoptosis. In the case of levels of
apoptosis, MTP, ROS, and cell proliferation, the allicin and
Dc combined pretreatment group was much closer to AOPP
alone treatment group than the allicin alone pretreatment
group, suggesting that the anti-AOPP effects of allicin were
blocked by Dc. In summary, our experimental results
revealed that allicin could mitigate AOPP-induced oxidative
stress and mitochondrial apoptosis in NP cells by inhibiting
activation of the p38-MAPK pathway.

In conclusion, our findings provide new insights into the
etiology of apoptosis in NP cells and, more importantly, sug-
gest that allicin may be a novel remedy to mitigate the pro-
gression of IDD. However, there are a few limitations to
our study. Because all our observations were based on
in vitro experiments, further research is required to validate
these findings in vivo. In addition, because the use of allicin
as a multifunctional medicine has a long history, its protective
role in NP cells may also involve other mechanisms. Indeed, a
prior study showed that allicin could mitigate the
dexamethasone-induced abnormal expression of cyto-
chrome-c, c-caspase 3, c-caspase 9, Bax, and Bcl-2 through
activating the PI3K/AKT pathway, and thus rescued apoptosis
of osteoblasts induced by dexamethasone in rats [74]. Another
study revealed that allicin attenuated age-related cognitive
dysfunction through activating Nrf2 antioxidant signaling
pathways [75]. Therefore, further investigations focusing on
molecular mechanisms are required to shed light on the anti-
apoptotic function of allicin against AOPP in NP cells.

Recently, the comparability between 3D culture in hyp-
oxia and IVD microenvironment aroused our interest. The
NP cells mainly obtain oxygen and nutrients through the
osmosis of the cartilage endplate (CEP). During IDD, unex-
plained calcification of the CEP usually blocks this effect
and helps to form hypoxic areas. Therefore, NP cells in
IDD are likely to be hypoxic. In a 2D monolayer, all cells
are exposed to the gas phase, but the internal area of the 3D
culture is usually limited by diffusion, leading to hypoxia
and necrosis [76]. Similarly, the distribution of NP cells is
also 3D due to the thickness of IVD, which means that the
internal cells are more prone to be anoxic than the cells close
to the CEP. Therefore, 3D culture in hypoxia can better
mimic the microenvironment in native IVDs. In addition,
studies have shown that hypoxia can also influence intracel-
lular oxidative stress. For example, exposure to hypoxia could
restrict the generation of ROS in NP cells and inhibit apopto-
sis [77–79]. It can be inferred that hypoxia, a nonignorable
variable in the human IVD, might have an impact on our

research and change the existing experimental results of
AOPP. Hence, applying 3D culture in hypoxia might better
reflect the actual level of oxidative stress and apoptosis
induced by AOPP in human NP cells. It is also helpful to bet-
ter determine the pharmacodynamic curve of allicin for that
the antioxidative function of allicin might be attenuated by
hypoxia. Therefore, we are very interested in 3D culture
under hypoxic conditions and hope to determine the effects
of AOPP on NP cells in this context, which inspired our
follow-up research. At the same time, more investigations
in the future are needed to uncover the role of oxidative stress
in IDD by using 3D culture in hypoxia.
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Intervertebral disc degeneration (IDD) is a prevalent disease characterized by low back pain. Increasing extracellular matrix (ECM)
synthesis and decreasing nucleus pulposus cell (NPC) apoptosis are promising strategies to recover degenerated NP. LIM
mineralization protein- (LMP-) 1 has anti-inflammatory potential and is a promising gene target for the treatment of NP
degeneration. In this study, we measured the expression of LMP-1 in the NP of patients. Then, we constructed LMP-1-
overexpressing NPCs using lentiviral vectors and investigated the effects of LMP-1 on cell proliferation, apoptosis, and ECM
synthesis in NPCs. The results showed that LMP-1 was highly expressed in the NP of patients. LMP-1 overexpression
significantly increased proliferation and decreased apoptosis in NPCs. The expression of collagen II and sulfated
glycosaminoglycan (sGAG) in NPCs was also upregulated after LMP-1 was overexpressed. Moreover, we demonstrated that
LMP-1 decreased apoptosis of NPCs by inhibiting NF-κB signaling activation. These findings suggest that LMP-1 plays an
essential role in mediating apoptosis in NPCs by regulating NF-κB signaling and can be used as a gene target for the treatment
of IDD.

1. Introduction

Intervertebral disc degeneration (IDD) increases the risk of
low back pain and gives risk to a large economic burden
[1]. In addition, IDD can result in secondary spinal deformity
and spinal canal stenosis [2]. Intervertebral discs (IVDs) are
cartilaginous, articulating structures that allow movement
of the vertebral column. IVDs form a very complex system,
with an outer anulus fibrosus surrounding a central nucleus
pulposus (NP) and cartilaginous endplates located between
the IVDs and the adjacent vertebral column [3]. Although
NP cell (NPC) dysfunction and the consequent extracellular
matrix (ECM) degradation are thought to be the cause of
IDD, the pathogenesis of IDD is still unknown [4].

The acidic environment in the NP, which is caused by the
accumulation of cell waste products and degraded matrix
molecules, affects the function and viability of NPCs [5].
Inflammation plays an important role in IDD, and the
inflammatory response is related to the apoptosis and dys-
function of NPCs [6]. The acidic environment increases the
mRNA expression levels of inflammatory and catabolic genes
in NPCs and leads to inflammation, matrix degradation, oxi-
dative stress responses, and apoptosis during IDD [7, 8].
Anti-inflammatory therapy is a promising method for treat-
ing and mitigating IDD. Phytochemicals extracted from
medicinal plants and small molecules are widely used for
IDD treatment for their anti-inflammatory and antioxidative
properties [9–11]. However, these drugs can only partly
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alleviate the inflammatory response in the NP and have low
efficiency for treating NP degeneration.

Genetic engineering is highly efficient in modulating the
function and viability of cells [12]. With genetic engineering,
we can improve the viability and ECM synthesis function of
NPCs to regenerate degenerated NP. LIM mineralization
protein- (LMP-) 1 is an intracellular regulator of bone forma-
tion [13]. A study has demonstrated that LMP-1 can signifi-
cantly inhibit lipopolysaccharide- (LPS-) induced nitric
oxide production in preosteoclasts [14]. In addition, LMP-1
can maintain ECM production in the NP and inhibit matrix
metalloproteinase expression [15, 16]. We think LMP-1 may
be a promising gene target for the treatment of NP degener-
ation. Therefore, the effects of LMP-1 in NPCs should be
further studied. We hypothesize that LMP-1 could increase
the survival, decrease the apoptosis, and improve the ECM
synthesis function of NPCs.

The nuclear factor kappa B (NF-κB) signaling pathway is
important in controlling the inflammatory response [17, 18].
NF-κB induces the expression of various proinflammatory
genes, and deregulated NF-κB activation contributes to the
pathogenic processes of various inflammatory diseases [19].
NF-κB signaling mediates catabolic and inflammatory
responses to inflammatory and mechanical stimulation in
IVDs [18]. The downregulation of matrix metalloproteinase
expression is related to NF-κB inhibition [15]. Moreover,
LMP-1 inhibits LPS-induced nitric oxide production by sup-
pressing the transcriptional activity of NF-κB [14]. There-
fore, we think that there may be a relationship between
LMP-1 and NF-κB signaling.

In this study, we aimed to demonstrate the effects of
LMP-1 on the proliferation, apoptosis, and ECM synthesis
of NPCs. We further studied the interaction between LMP-
1 and NF-κB signaling to investigate the underlying mecha-
nisms of cell survival induced by LMP-1. We hope our study
will provide new ideas in searching for novel strategies for
IDD treatment.

2. Materials and Methods

2.1. Tissue Source. The degenerative NP samples were
donated by twenty patients (fifteen patients were 20 to 30
years old, and the other five were 50 to 60 years old). Four
20- to 30-year-old patients suffered burst thoracolumbar
fracture and without a previously documented clinical his-
tory of IDD donated normal NP samples. The study was
approved by the Ethics Committee of The First Affiliated
Hospital of Zhengzhou University, and informed consent
was obtained from all the patients involved in our study. A
magnetic resonance imaging (MRI) scan of the NP was per-
formed for all degenerative patients, and the disc degenera-
tion grade was evaluated according to the Pfirrmann
classification [20]. Degenerative NP sample with a Pfirrmann
classification at most grade III was involved in our study.
Nucleotomy and intervertebral fusion surgery were per-
formed under sterile conditions to obtain the NP samples,
and all NP samples used for subsequent experiments were
processed within 1 hour after being harvested.

2.2. NPC Isolation and Cultivation. NP samples donated
from ten 20- to 30-year-old patients were used to isolate
NPCs. The isolation of NPCs was described previously [21].
Briefly, the tissues were washed three times with
phosphate-buffered saline (PBS) and cut into small pieces.
Next, 0.2% collagenase II (Gibco, Shanghai, China) and
2U/mL hyaluronidase (Gibco) were used to enzymatically
dissociate the tissues for 4 hours at 37°C with gentle shaking.
Then, the digested tissues were passed through a 100μm
mesh filter to remove debris and centrifuged at 1000 rpm
for 5min. The isolated cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2mM L-glutamine and antibiotics
(1% penicillin-streptomycin) in a humidified incubator at
37°Cwith 5% CO2. The complete medium was changed every
three days, and cells were harvested with 0.25% trypsin-
ethylene diamine tetraacetic acid (EDTA) at confluence
80%. Cells at passage 2 were used for subsequent experi-
ments. NPCs after infection were cultured in an acidic envi-
ronment with a pH level of 6.8, which was adjusted with
sterilized HCl (1M), to represent mildly degenerated IVD
conditions.

2.2.1. Flow Cytometry. After detachment in 0.25% trypsin,
the cells were incubated with fluorescein isothiocyanate-
(FITC-) conjugated primary antibody (CD45, CD73, and
CD90; eBioscience, Shanghai, China) at 4°C for 45min in
the dark. After washing with PBS three times, cells were cen-
trifuged and resuspended in 100μL PBS and were detected
using a flow cytometer (FACScan, BD Biosciences, San Jose,
CA, USA) equipped with the CellQuest software (BD Biosci-
ences). For Annexin V-FITC/propidium iodide (PI) staining,
cells were resuspended in 500μL binding buffer and treated
with 5μL Annexin V-FITC and 5μL PI (BD Biosciences).
After incubated for 15mins at room temperature, the
mixture was detected using a flow cytometer (FACScan).

2.3. Lentiviral Packaging and Cell Infection. Particles from
lentiviruses overexpressing LMP-1 (LV-LMP-1, pLV[Exp]-
EGFP:T2A:Puro-EF1A>hLMP-1[NM_005451.5]) and len-
tiviral GFP (LV-control, pLV[Exp]-EGFP:T2A:Puro-Null)
were prepared by Cyagen Biosciences. For infections, 40-
60% confluent NPCs were incubated with lentiviral particles
and polybrene (5μ g/mL) in medium at a multiplicity of
infection of 50 for 12 hours before changing the medium.
Three days later, the transfected cells were passaged for use
in subsequent experiments. The expression of LMP-1 was
determined by real-time quantitative polymerase chain
reaction (RT-qPCR) and Western blotting analyses.

2.4. Small Interfering RNA Transfection. Double-stranded
small interfering RNA (siRNA) for human LMP-1 gene
silencing was designed and chemically synthesized by Sangon
Biotech (Shanghai, China). NPCs were transfected with
siRNA (50nM) using Lipofectamine 2000™ transfection
reagent (Invitrogen, Shanghai, China) and Opti-MEM
(Gibco, Shanghai, China) according to the manufacturer’s
instructions. After 48 hours of incubation, NPCs with low
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expression of LMP-1 were selected for subsequent
experiments.

2.5. Cell Proliferation.Cell proliferation of NPCs was assessed
with a cell counting kit-8 (CCK8, Dojindo, Dalian, China). In
brief, NPC cells were seeded into a 96-well plate (5000/well).
At each time point, the medium was removed, and the cells
were treated with 10% CCK8 in 100μL DMEM for 3 hours
at 37°C. The absorbance of the wells was then measured at
450nm using a microplate reader (Bio-Rad, Hercules, CA,
USA).

2.6. RNA Isolation and RT-qPCR. Total RNA was extracted
using an RNAiso reagent (Takara, Shanghai, China) and
quantified by measuring the absorbance at 260nm. Next,
500 ng of RNA was reverse-transcribed to complementary
DNA using PrimeScript™ RT Master Mix (Takara). All gene
transcripts were quantified by RT-qPCR using Power SYBR
Green PCR Master Mix (Takara) on an ABI StepOnePlus
System (Applied Biosystems, Warrington, UK). The cycle
conditions were as follows: 95°C for 30 s, followed by 40
cycles at 95°C for 5 s and 60°C for 30 s. GAPDH was used
as a housekeeping gene, and the data was analyzed using
the 2(−ΔΔCT) method. The primer sequences used in this
study were synthesized by Sangon Biotech (Table 1).

2.7. Western Blotting Analyses. Protein was extracted from
tissue and cell samples by RIPA buffer supplemented with a
proteasome inhibitor (Beyotime, China). After sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis, the proteins
were transferred to a polyvinylidene fluoride membrane
(Millipore, Shanghai, China) by electroblotting. The mem-
brane was blocked for 2 hours at room temperature in 5%
nonfat milk and incubated with primary antibodies specific
to LMP-1 (1 : 2000, Abcam, Shanghai, China), caspase-3
(1 : 1000, Cell Signaling Technology, Shanghai, China),
cleaved-caspase-3 (1 : 1000, Cell Signaling Technology), Bcl-
2 (1 : 1000, Cell Signaling Technology), Bax (1 : 1000, Cell Sig-
naling Technology), aggrecan (1 : 1000, Abcam), SOX9
(1 : 1000, Abcam), collagen II (1 : 1000, Abcam), collagen I
(1 : 1000, Abcam), p65 (1 : 1000, Cell Signaling Technology),
phosphor-p65 (1 : 1000, Cell Signaling Technology), IκBα
(1 : 1000, Cell Signaling Technology), phosphor-IκBα
(1 : 1000, Cell Signaling Technology), or GAPDH (1 : 2000,
Cell Signaling Technology) overnight at 4°C. After washing
with TBST three times (5min each), the membranes were
incubated with specific horseradish peroxidase-conjugated

secondary antibodies (Beyotime) for 1 hour at room temper-
ature. After washing with TBST three times (5min each), the
blots were then developed using enhanced chemilumines-
cence (Millipore). Signal intensity was measured using the
Bio-Rad XRS chemiluminescence detection system (Bio-
Rad).

2.8. Fluorescence Analysis. Each group of NPCs was cultured
in 12-well plates. After fixation with 4% paraformaldehyde
for 10min at room temperature, the cells were incubated
with 3% H2O2 and 0.1% Triton X-100 for 10min and
washed three times with PBS. The terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) method was
used for measuring apoptotic DNA fragmentation, and cells
were stained with an in situ cell death detection kit (Roche
Life Science, Shanghai, China) according to the manufac-
turer’s instructions. Nuclei were stained with 4′,6-diami-
dino-2-phenylindole (DAPI, Sigma-Aldrich, Shanghai,
China) for 5min. For immunofluorescence staining, cells
were incubated with anticollagen II (1 : 200, Abcam) and
antiaggrecan (1 : 200, Abcam) antibodies overnight and then
incubated with an Alexa Fluor 555-labeled secondary anti-
body for 1 hour at room temperature in the dark. Nuclei were
stained with DAPI for 5min. The samples were then
observed under a fluorescence microscope (Leica, Wetzlar,
Germany).

2.9. Alcian Blue Staining. Each group of NPCs was cultured
in 6-well plates. After cultivation for 14 days, the cells
were fixed with 4% paraformaldehyde for 10min at room
temperature and subsequently washed three times with
distilled water. The cells were then incubated with Alcian
blue staining solution (Sigma-Aldrich) for 30min at room
temperature, followed by washing three times with distilled
water. Three fields of each well were chosen randomly for
microscopic observation using an inverted microscope
(Leica).

2.9.1. Detection of Cellular ROS. Each group of NPCs was cul-
tured in 12-well plates. After treatment, cells were rinsed and
incubated with 5μMDCFH-DA (Sigma-Aldrich) in the dark
at 37°C for 30 minutes, and then, fluorescence was detected
using a fluorescence microscope (Leica).

2.10. Microarray Analysis. Total RNA of cells was extracted
using Trizol reagent (Takara) and quantified using a Nano-
drop ND-2000 (Thermo Scientific, Shanghai, China). Total
RNA was purified with a QIAGEN RNeasy Kit (QIAGEN,

Table 1: Primers used in quantitative RT-PCR.

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′)
18 s ATCCTCAGTGAGTTCTCCCG CTTTGCCATCACTGCCATTA

LMP-1 CAGCAGAATGGACAGCCGC GTCTTGCATGAACTCGGTGC

Acan AGAATCAAGTGGAGCCGTGT GGTAGTTGGGCAGTGAGACC

SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG

Col2 CATCCCACCCTCTCACAGTT ACCAGTTAGTTTCCTGCCTCTG

Col1 AGTCTGTCCTGCGTCCTCTG TGTTTGGGTCATTTCCACAT
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Shanghai, China) and amplified and labeled with Cy-3. After
RNA was hybridized at 65°C for 17 h, array images were
acquired using Agilent Scanner G5761A (Agilent Technolo-
gies) and analyzed using the Agilent Feature Extraction soft-
ware (version 12.0.1.1). GeneSpring v14.8 software package
(Agilent Technologies) was used to perform quantile nor-
malization and subsequent data processing. miRNAs that at
least three out of the six samples have flags in detected were
chosen for further data analysis. Differentially expressed
miRNAs with statistical significance (p < 0:01) were identi-
fied and conducted by hierarchical cluster analysis. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis were used to express
and indicate the biological function of the differentially
expressed miRNAs.

2.11. Animal Experiments. Male Sprague Dawley (SD) rats
weighting 250 g were used in animal experiments. All ani-
mals were obtained from the Animal Center of Zhengzhou
University, and all procedures were approved by the Ethics
Committee of The First Affiliated Hospital of Zhengzhou
University. All animals were anesthetized with 1% sodium
pentobarbital (Sigma-Aldrich). Rat tail disc degeneration
model was fabricated by needle puncture of a 20-G sterile
needle in the disc of coccygeal vertebrae (Co) 7/Co8 and
Co8/Co9 ([22]). After the model were successfully estab-
lished, a suspension of 1 × 108 TU/mL LV-LMP-1-control
or LV-LMP-1-OE (Cyagen Biosciences) was injected into
rats in the LMP-1 ctrl and LMP-1 OE groups. The rats with
needle puncture and PBS injection were regarded as the
degeneration group, and the rats without needle puncture
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Figure 1: Low LMP-1 expression in NP of patients with disc degeneration. (a) Representative T2 signal MRI images of each group. (b) Gene
expression levels of LMP-1 in the NP of IDD patients were measured and normalized to 18 s and to the normal group. (c) The protein
expression of LMP-1 in each group was measured by western blotting analysis and quantified. (d) CD45, CD73, and CD90 of the isolated
cells were detected by flow cytometry. (e) The expression of collagen II and aggrecan of the isolated cells was measured by
immunofluorescence staining. The degenerative-1 group represented patients aged from 20 to 30 years old, and the degenerative-2 group
represented patients aged from 50 to 60 years old. Data represent mean ± SD; ∗∗p < 0:01 vs. the normal group.
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Figure 2: The construction of LMP-1 overexpression and lenti-control NPCs. (a) NPCs after lentiviral transfection and puromycin screening
were observed under a normal microscope and a fluorescence microscope. (b) Cell viability was measured by CCK-8 on days 1 and 3. (c) The
gene expression level of LMP-1 was determined by RT-qPCR and normalized to 18 s. (d) The protein expression of LMP-1 in each group was
determined by western blotting analysis. (e) The protein expression of LMP-1 was quantified. Data representmean ± SD; ∗p < 0:05, ∗∗p < 0:01
vs. the mock treated group. Scale bar = 200μm.
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Figure 3: Continued.
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and injection were regarded as the control group. 3μL of liq-
uid using a microsyringe with a 31-G needle was injected.
The follow-up experiments were conducted 4 weeks after
transfection.

2.12. Histological and Biochemical Analysis. Four weeks after
the injection, all rats were sacrificed, and the IVD tissues were
collected and fixed with 4% paraformaldehyde for 2 days.
Then, the tissues were decalcified, embedded in paraffin,
and sectioned at a thickness of 4μm using a microtome.
For histological analysis, hematoxylin and eosin (H&E) and
Safranine O-fast green were performed separately on tissue
sections. For biochemical analysis, NP tissues of IVDs were
lyophilized, and the dry weight was recorded. The contents
of sulfate glycosaminoglycans (sGAG) were detected using
the Blyscan assay (Biocolor, Beijing, China), and the contents
of collagen were detected using the hydroxyproline assay kit
(Jiancheng Bioengineering Institute, Nanjing, China) and
normalized with dry weight.

2.13. Statistical Analysis. Statistical analyses were performed
using SPSS 19.0 (IBM, Armonk, NY, USA). The data are pre-
sented as the means ± standard deviation. Statistical signifi-
cance was determined using a two-tailed Student’s t-test
when comparing two groups and one-way ANOVA followed
by Bonferroni’s post hoc test when comparing more than two
groups. A value of p < 0:05 was considered to be a statistically
significant difference. All experiments were performed at
least in triplicate.

3. Results

3.1. Low LMP-1 Expression in the NP of Patients with Disc
Degeneration. The representative MRI images of the three
groups were showed in Figure 1(a). The gene and protein
expression levels of LMP-1 were significantly lower in degen-
erated NP than in normal NP. No significant difference was
observed between the two different-age degenerative groups

(Figures 1(b) and 1(c)). CD45, CD73, and CD90 were not
detected on the surface of cells (Figure 1(d)). We also
detected the expression of collagen II and aggrecan of the
isolated cells by immunofluorescence staining and demon-
strated that both collagen II and aggrecan were expressed in
the cells (Figure 1(e)).

3.2. LMP-1 Overexpression Mediated Proliferation, ECM
Synthesis, and Apoptosis of NPCs.We used a lentiviral vector
system to efficiently increase the gene expression of LMP-1 in
degenerated human NPCs. The efficiency of LMP-1 overex-
pression was quantified by evaluating the ratio of green fluo-
rescent protein- (GFP-) positive cells to the total number of
cells (Figure 2(a)). The viability of NPCs was determined
on days 1 and 3 and was not decreased by the operation of
transfection (Figure 2(b)). The gene and protein expression
levels of LMP-1 were significantly higher in the LV-LMP-1
group than in the nontransfected and LV-control groups
(Figures 2(c)–2(e)). The proliferation of NPCs was signifi-
cantly increased after LMP-1 overexpression at different time
points (3 and 7 days) (Figure 3(a)). Acan, SOX9, col2, and
col1 are gene markers that indicate ECM synthesis in NPCs.
After LMP-1 was overexpressed, the gene expression of Acan
(19.25-fold), SOX9 (40.24-fold), and col2 (10.71-fold) was
significantly increased (Figure 3(b)). Sulfated glycosamino-
glycan (sGAG) deposition of NPCs was observed by Alcian
blue staining. Larger areas and deeper staining of Alcian blue
were observed in the LV-LMP-1 group compared with those
in the LV-control group (Figure 3(c)). The ROS generation
was also decreased by LMP-1 overexpression (Figure 3(d)).
The protein expression of aggrecan, SOX9, and collagen II
was also significantly higher in the LV-LMP-1 group than
in the LV-control group. No significant differences were
observed in the gene and protein expression levels of collagen
I between the two groups (Figures 3(e) and 3(f)). The protein
expression of caspase-3, cleaved-caspase-3, and Bax was
decreased, while the expression of Bcl-2 was increased after
LMP-1 was overexpressed (Figures 3(g) and 3(h)). According
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Figure 3: LMP-1 overexpression mediated proliferation, ECM synthesis, and apoptosis of NPCs. (a) Cell proliferation of the LV-control and
LV-LMP-1 groups was measured on days 1, 3, and 7. (b) Gene expression levels of Acan, SOX9, Col2, and Col1 of NPCs in each group were
measured on day 14 and normalized to 18 s. (c) sGAG synthesis by NPCs was observed by Alcian blue staining on days 14. (d) Measurement
of intracellular ROS generation in the LV-control and LV-LMP-1 groups using a DCFH-DA probe by fluorometry. (e) The protein expression
levels of aggrecan, SOX9, collagen II, and collagen I of NPCs in each group were measured and (f) quantified on day 14. (g) The protein
expression levels of caspase-3, cleaved-caspased-3, Bcl-2, and Bax of NPCs in each group were measured and (h) quantified on day 3. (i)
Cell apoptosis of each group was detected by PI/Annexin V assays. Data represent mean ± SD; ∗∗p < 0:01 vs. the LV-control group. Scale
bar = 200 μm.
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to the flow cytometry results, cell apoptosis was significantly
decreased in the LV-LMP-1 group compared with the LV-
control group (Figure 3(i)).

3.3. The Activation of NF-κB Signaling Pathway Was
Inhibited by LMP-1.We performed miRNAmicroarray anal-
ysis to search differentially activated signaling pathways
between the LV-control and LV-LMP-1 groups. Only miR-
NAs with a mean fold change > 5 or < 0.2 and a p value <
0:01 were selected for further analysis. Differentially
expressed miRNAs and Pearson correlation between samples
were presented by heat map (Figures 4(a) and 4(b)). Our
results also showed that the GO terms with the most signifi-
cant p values were related to ECM, ECM organization, ECM

disassembly, and collagen catabolic process, as well as
inflammatory response (Figure 4(c)). We further analyzed
the potential signaling pathway regulated by LMP-1 and
found that NF-κB signaling pathway was significantly related
to LMP-1, which indicated that LMP-1 may affect the inflam-
matory response in NPCs by mediating the activation of NF-
κB signaling pathway (Figure 4(d)).

3.4. LMP-1 Overexpression Inhibited the Activation of NF-κB
Signaling Pathway. To determine whether the NF-κB signal-
ing pathway was mediated by LMP-1, we performedWestern
blotting analyses and quantified the resulting data. The
protein expression of total p65 and IκBαwas not significantly
influenced by LMP-1 overexpression. However, the
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Figure 4: The activation of NF-κB signaling pathway was mediated by LMP-1. (a) The heat map showed differentially expressed miRNAs
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phosphorylation of p65 (0.22-fold) and IκBα (0.38-fold) was
significantly increased after the overexpression of LMP-1
(Figures 5(a) and 5(b)). To further clarify the role of LMP-1
in the activation of NF-κB signaling pathway, we silenced
the expression of LMP-1 by siRNA and blocked the NF-κB
signaling pathway with a specific inhibitor (BAY11-7082).
LMP-1 silencing significantly increased the phosphorylation
of p65 and IκBα, while BAY11-7082 inhibited the phosphor-
ylation of p65 and IκBα. In addition, BAY11-7082 could also
partly inhibit the phosphorylation of p65 and IκBα induced
by LMP-1 silencing (Figures 5(c) and 5(d)).

3.5. LMP-1 Silencing Increased Apoptosis in NPCs by
Activating the NF-κB Signaling Pathway. Fluorescence results
showed that LMP-1 silencing increased the apoptosis of
NPCs and that BAY11-7082 inhibited the apoptosis of NPCs,
which was mediated by NF-κB signaling (Figures 6(a) and
6(b)). Western blotting analysis showed that LMP-1 silencing
increased the protein expression of caspase-3, cleaved-cas-
pase-3, and Bax. BAY11-7082 partly reversed the increases
in caspase-3, cleaved-caspase-3, and Bax induced by LMP-1

silencing (Figures 6(c) and 6(d)). LMP-1 silencing decreased
cell proliferation, especially on day 7. After the addition of
BAY11-7082, the proliferation of NPCs increased on days 3
and 7. The group with LMP-1 silencing and BAY11-7082
treatment showed higher cell proliferation than the LMP-1
silencing group on day 7 (Figure 6(e)). LMP-1 silencing also
decreased the protein expression of aggrecan, collagen II, and
SOX9 in NPCs, while BAY11-7082 treatment partly reversed
the decrease in aggrecan induced by LMP-1 silencing
(Figures 6(f) and 6(g)).

3.6. LMP-1 Overexpression Prevented the Degeneration of
IVDs. The H&E and Safranine O-fast green staining of the
control group showed that the NP was regular and was rich
in ECM. The NP in the degeneration and LMP-1 ctrl groups
was disturbed and showed weaken staining by Safranine O-
fast green compared with the control group. The NP in the
LMP-1 OE group was more regular and well organized com-
pared with that in the degeneration and LMP-1 ctrl groups.
Safranine O-fast green staining could also be clearly observed
in the LMP-1 OE group (Figure 7(a)). The control group
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Figure 5: LMP-1 overexpression inhibited the activation of NF-κB signaling pathway. (a) Protein expression levels of pho-p65, p65, pho-
IκBα, and IκBα of NPCs in each group were measured by western blotting analysis on day 3. (b) The protein expression was quantified
according to signal intensity, and the ratio of pho-p65/p65 and pho-IκBα/IκBα in each group was calculated. siRNA for LMP-1 was
transfected into NPCs, and the protein expression levels of pho-p65, p65, pho-IκBα, and IκBα of NPCs in each group were (c) measured
and (d) quantified on day 3. Data represent mean ± SD; ∗p < 0:05, ∗∗p < 0:01.
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showed the highest contents of sGAG and hydroxyproline
among all groups, but no significant difference was observed
between the control and LMP-1 OE groups. Both control and

LMP-1 groups showed higher contents of sGAG and
hydroxyproline compared with those of the degeneration
and LMP-1 ctrl groups (Figures 7(b) and 7(c)).
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Figure 6: LMP-1 silencing increased apoptosis of NPCs by activating the NF-κB signaling pathway. (a) TUNEL method was performed to
measure apoptosis of NPCs (red), and the results were observed by fluorescence. Nuclei (blue) were stained by DAPI. (b) Cell apoptosis
was quantified according to the results of TUNEL. ∗∗p < 0:01. (c) The protein expression levels of caspase-3, cleaved-caspased-3, Bcl-2,
and Bax of NPCs were measured by western blotting analysis on day 3. (d) The protein expression levels of caspase-3, cleaved-caspased-3,
Bcl-2, and Bax of NPCs were quantified. ∗∗p < 0:01. (e) Cell proliferation on each group was measured by CCK-8 assay on days 1, 3, and
7. ∗∗p < 0:01 vs. the control group. (f) The protein expression levels of aggrecan, SOX9, and collagen II of NPCs in each group were
measured on day 14 by western blotting analysis. (g) The protein expression levels of aggrecan, SOX9, and collagen II of NPCs were
quantified. ∗p < 0:05, ∗∗p < 0:01. BAY11-7082 was used as a specific inhibitor of the NF-κB signaling pathway. Data represent mean ± SD;
scale bar = 200μm.
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4. Discussion

IVD degeneration is a major public health issue that is caused
by NPC dysfunction and apoptosis NPCs [23]. LMP-1
induces antioxidant stress and can maintain ECM produc-
tion in NPCs [14, 15]. Significantly different expression levels
of LMP-1 were observed in healthy and degenerative NP
patients. Therefore, the expressions of LMP-1 and NP degen-
eration are related. In addition, restoring the expression of
LMP-1 in degenerative NPCs may decrease apoptosis and
improve the ECM synthesis function of NPCs.

A previous study reported that LMP-1 can inhibit cell
proliferation and induce apoptosis in osteosarcoma cells
[24]. However, Liu et al. showed that LMP-1 has an anti-
inflammatory effect and promotes the survival of preosteo-
clasts [14]. We think this is because the different cell types
lead to different effects of LMP-1. The effects of LMP-1 in
NPCs have not yet been studied. In this study, we first inves-
tigate the role of LMP-1 in the senescence of NP, and no sig-
nificant difference was observed between patients of different
ages. However, we demonstrated the effects of LMP-1 in pro-
moting proliferation and inhibiting apoptosis and intracellu-
lar ROS generation in NPCs. The microenvironment of

degenerated discs is characterized by an acidic pH, hypoxia,
limited nutrition, high osmolarity, and so on [25]. It is diffi-
cult to completely simulate the microenvironment of degen-
erated IVD. Acidic pH is important in inducing IDD for it
can induce inflammatory, matrix degradation, oxidative
stress responses, and apoptosis of NPCs [8]. Therefore, we
used an acidic environment to simulate NP degeneration,
and our results showed that LMP-1 was beneficial for the sur-
vival of NPCs in acidic environments. Overexpression of
LMP-1 increases cell proliferation and decreases apoptosis
in NPCs. Our in vivo study also showed that LMP-1 overex-
pression increased ECM content in NP and hindered the
degeneration of IVD.

The molecular mechanism of LMP-1 inhibition of NPC
apoptosis is also not yet clear. We used microarray analysis
to detect the different biological functions before and after
the transfection of LMP-1. Our results demonstrated that
ECM synthesis function of NPCs was significantly regulated
by LMP-1. In addition, inflammatory response in NPCs
was also mediated by LMP-1. We also performed KEGG
enrichment to explore potential signaling pathways regulated
by LMP-1. NF-κB signaling showed a high rich factor and
low p value in KEGG enrichment. Studies have reported that
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Figure 7: LMP-1 overexpression prevented the degeneration of IVDs. (a) Representative H&E and Safranin O staining of discs from different
groups were observed. All samples were harvested at 4 weeks after injection. The contents of (b) sGAG and (c) hydroxyproline in each group
at 4 weeks after injection were quantified. Data represent mean ± SEM; ∗∗p < 0:01. Scale bar = 500μm.
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NF-κB signaling is involved in the inflammatory effect and
cell apoptosis [26, 27]. p65 and IκBα are two key elements
in NF-κB signaling [28]. In our study, the phosphorylation
of p65 and IκBα was decreased after LMP-1 was overex-
pressed and increased after LMP-1 was silenced. In addition,
BAY11-7082 decreased the phosphorylation of p65 and
IκBα. Bcl-2 is known as an antiapoptosis protein related to
mitochondria, while Bax and caspase 3 are apoptosis-
related proteins [29–31]. LMP-1 overexpression decreased
the expression of caspase-3 and Bax but increased the expres-
sion of Bcl-2. However, LMP-1 silencing yielded the opposite
results. Expression of caspase-3, cleaved-caspase-3, and Bax
was increased, and Bcl-2 was downregulated. These results
indicated that LMP-1 can inhibit the activation of NF-κB sig-
naling and consequently inhibit the apoptosis of NPCs. Pre-
vious studies have already demonstrated that NF-κB
signaling regulates oxidative stress of NPCs by increasing
ROS generation [32]. Therefore, we think that the decreased
ROS generation of NPCs induced by LMP-1 overexpression
was mediated by the inhibition of the NF-κB signaling
pathway.

Our GO enrichment results showed the anabolism and
catabolism of ECM were significantly influenced by LMP-1.
In this study, we demonstrated the positive effects of LMP-
1 in ECM metabolism. We showed that the gene and protein
expression levels of aggrecan, SOX9, and collagen II were
improved after LMP-1 was overexpressed. Significant sGAG
deposition could be observed by Alcian blue staining in the
LMP-1 overexpression group. Other researchers have also
showed similar conclusions with us that LMP-1 can maintain
ECM production in the NP and inhibit matrix metallopro-
teinase expression [15, 16]. There is a degenerative circle in
IDD. Apoptosis and dysfunction in NPCs lead to the loss of
collagen II and sGAG in the NP, and the shift in ECM com-
position changes the biomechanical behavior of IVDs, which
further alters the function of NPCs [33]. Therefore, increas-
ing the content of collagen II and sGAG in the NP contrib-
utes to breaking the vicious cycle in IDD and is beneficial
for NP regeneration.

5. Conclusions

In this study, we demonstrated that the expression level of
LMP-1 is clinically related to IDD. We aimed to discover
the effects of LMP-1 on the proliferation, apoptosis, and
ECM synthesis function of NPCs and found that LMP-1
increases proliferation and ECM synthesis function in NPCs
and decreases apoptosis in NPCs. We also investigated the
molecular mechanism of LMP-1-mediated apoptosis in
NPCs and found that the NF-κB signaling pathway was
inhibited by LMP-1. In addition, our animal experiments
demonstrated that LMP-1 overexpression has the ability of
preventing the degeneration of IVDs. As a result, we think
LMP-1 can be used as a target for slowing the degenerative
process and inducing regeneration in IDD. More studies
should be carried out to demonstrate the regenerative effects
of LMP-1 in vivo before clinical application. Our findings
provide a new target for protecting against IDD and inducing
regeneration.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Yuan Liu, Wei Zhou, and Fei-Fan Chen contributed equally
to this work.

Acknowledgments

This study was partly supported by grants from the Joint
Construction Project of Henan Medical Science and Tech-
nology Research Plan (LHGJ20190172).

References

[1] A. J. Freemont, “The cellular pathobiology of the degenerate
intervertebral disc and discogenic back pain,” Rheumatology
(Oxford), vol. 48, no. 1, pp. 5–10, 2009.

[2] D. Sakai, “Future perspectives of cell-based therapy for inter-
vertebral disc disease,” European Spine Journal, vol. 17, Suppl
4, pp. 452–458, 2008.

[3] S. Roberts, H. Evans, J. Trivedi, and J. Menage, “Histology and
pathology of the human intervertebral disc,” The Journal of
Bone and Joint Surgery. American Volume, vol. 88, Supplement
2, pp. 10–14, 2006.

[4] J. Antoniou, T. Steffen, F. Nelson et al., “The human lumbar
intervertebral disc: evidence for changes in the biosynthesis
and denaturation of the extracellular matrix with growth, mat-
uration, ageing, and degeneration,” The Journal of Clinical
Investigation, vol. 98, no. 4, pp. 996–1003, 1996.

[5] J. P. G. Urban, S. Smith, and J. C. T. Fairbank, “Nutrition of the
intervertebral disc,” Spine, vol. 29, no. 23, pp. 2700–2709, 2004.

[6] J. G. Burke, R. W. G. Watson, D. McCormack, F. E. Dowling,
M. G. Walsh, and J. M. Fitzpatrick, “Intervertebral discs which
cause low back pain secrete high levels of proinflammatory
mediators,” Journal of Bone and Joint Surgery. British,
vol. 84-B, no. 2, pp. 196–201, 2002.

[7] W. Yang, X. H. Yu, C. Wang et al., “Interleukin-1β in interver-
tebral disk degeneration,” Clinica Chimica Acta, vol. 450,
pp. 262–272, 2015.

[8] L. Quero, M. Klawitter, A. Schmaus et al., “Hyaluronic acid
fragments enhance the inflammatory and catabolic response
in human intervertebral disc cells through modulation of
toll-like receptor 2 signalling pathways,” Arthritis Research &
Therapy, vol. 15, no. 4, p. R94, 2013.

[9] H. Huang, S. Cheng, T. Zheng et al., “Vitamin D retards inter-
vertebral disc degeneration through inactivation of the NF-κB
pathway in mice,” American Journal of Translational Research,
vol. 11, no. 4, pp. 2496–2506, 2019.

[10] X. Su, B. Liu, F. Gong et al., “Isofraxidin attenuates IL‐1β‐
induced inflammatory response in human nucleus pulposus
cells,” Journal of Cellular Biochemistry, vol. 120, no. 8,
pp. 13302–13309, 2019.

12 Oxidative Medicine and Cellular Longevity



[11] H. Jin, Q. Wang, J. Wu et al., “Baicalein inhibits the IL-1β-
induced inflammatory response in nucleus pulposus cells and
attenuates disc degeneration in vivo,” Inflammation, vol. 42,
no. 3, pp. 1032–1044, 2019.

[12] A. Nowakowski, P. Walczak, B. Lukomska, and M. Janowski,
“Genetic engineering of mesenchymal stem cells to induce
their migration and survival,” Stem Cells International,
vol. 2016, Article ID 4956063, 9 pages, 2016.

[13] S. D. Boden, Y. Liu, G. A. Hair et al., “LMP-1, a LIM-domain
protein, mediates BMP-6 effects on bone formation,” Endocri-
nology, vol. 139, no. 12, pp. 5125–5134, 1998.

[14] H. Liu, M. Bargouti, S. Zughaier et al., “Osteoinductive LIM
mineralization protein-1 suppresses activation of NF-κB and
selectively regulates MAPK pathways in pre-osteoclasts,”
Bone, vol. 46, no. 5, pp. 1328–1335, 2010.

[15] H. Liu, H. Pan, H. Yang et al., “LIM mineralization protein-1
suppresses TNF-α induced intervertebral disc degeneration by
maintaining nucleus pulposus extracellular matrix production
and inhibiting matrix metalloproteinases expression,” Journal
of Orthopaedic Research, vol. 33, no. 3, pp. 294–303, 2015.

[16] S. T. Yoon, J. S. Park, K. S. Kim et al., “ISSLS prize winner:
LMP-1 upregulates intervertebral disc cell production of pro-
teoglycans and BMPs in vitro and in vivo,” Spine (Phila Pa
1976), vol. 29, no. 23, pp. 2603–2611, 2004.

[17] M. Jarosz, M. Olbert, G. Wyszogrodzka, K. Młyniec, and
T. Librowski, “Antioxidant and anti-inflammatory effects of
zinc. Zinc-dependent NF-κB signaling,” Inflammopharmacol-
ogy, vol. 25, no. 1, pp. 11–24, 2017.

[18] R. Tisherman, P. Coelho, D. Phillibert et al., “NF-κB signaling
pathway in controlling intervertebral disk cell response to
inflammatory and mechanical stressors,” Physical Therapy,
vol. 96, no. 5, pp. 704–711, 2016.

[19] T. Liu, L. Zhang, D. Joo, and S. C. Sun, “NF-κB signaling in
inflammation,” Signal Transduction and Targeted Therapy,
vol. 2, no. 1, 2017.

[20] C. W. A. Pfirrmann, A. Metzdorf, M. Zanetti, J. Hodler, and
N. Boos, “Magnetic resonance classification of lumbar inter-
vertebral disc degeneration,” Spine, vol. 26, no. 17, pp. 1873–
1878, 2001.

[21] X. Cheng, G. Zhang, L. Zhang et al., “Mesenchymal stem cells
deliver exogenous miR-21 via exosomes to inhibit nucleus pul-
posus cell apoptosis and reduce intervertebral disc degenera-
tion,” Journal of Cellular and Molecular Medicine, vol. 22,
no. 1, pp. 261–276, 2018.

[22] K. Masuda, Y. Aota, C. Muehleman et al., “A novel rabbit
model of mild, reproducible disc degeneration by an anulus
needle puncture: correlation between the degree of disc injury
and radiological and histological appearances of disc degener-
ation,” Spine (Phila Pa 1976), vol. 30, no. 1, pp. 5–14, 2005.

[23] J. Chen, W. Yan, and L. A. Setton, “Molecular phenotypes of
notochordal cells purified from immature nucleus pulposus,”
European Spine Journal, vol. 15, Supplement 3, pp. 303–311,
2006.

[24] H. Liu, L. Huang, Z. Zhang et al., “LIMmineralization protein-
1 inhibits the malignant phenotypes of human osteosarcoma
cells,” International Journal of Molecular Sciences, vol. 15,
no. 4, pp. 7037–7048, 2014.

[25] Y.-C. Huang, V. Y. L. Leung, W.W. Lu, and K. D. K. Luk, “The
effects of microenvironment in mesenchymal stem cell-based
regeneration of intervertebral disc,” The Spine Journal,
vol. 13, no. 3, pp. 352–362, 2013.

[26] S. Xu, J. Li, M. Zhai et al., “1,25-(OH)2D3 protects Schwann
cells against advanced glycation end products-induced apo-
ptosis through PKA-NF-κB pathway,” Life Sciences, vol. 225,
pp. 107–116, 2019.

[27] K. Ishii and T. Kato, “Increase of dopamine turnover in bilat-
eral striata after unilateral injection of haloperidol into sub-
stantia nigra of unrestrained rats,” Brain Research, vol. 359,
no. 1-2, pp. 260–266, 1985.

[28] A. Kauppinen, T. Suuronen, J. Ojala, K. Kaarniranta, and
A. Salminen, “Antagonistic crosstalk between NF-κB and
SIRT1 in the regulation of inflammation and metabolic disor-
ders,” Cellular Signalling, vol. 25, no. 10, pp. 1939–1948, 2013.

[29] A. Ashkenazi, W. J. Fairbrother, J. D. Leverson, and A. J.
Souers, “From basic apoptosis discoveries to advanced selec-
tive BCL-2 family inhibitors,” Nature Reviews. Drug Discovery,
vol. 16, no. 4, pp. 273–284, 2017.

[30] S. Matsuyama, J. Palmer, A. Bates et al., “Bax-induced apopto-
sis shortens the life span of DNA repair defect Ku70-knockout
mice by inducing emphysema,” Experimental Biology and
Medicine (Maywood, N.J.), vol. 241, no. 12, pp. 1265–1271,
2016.

[31] B. Khalilzadeh, N. Shadjou, G. S. Kanberoglu et al., “Advances
in nanomaterial based optical biosensing and bioimaging of
apoptosis via caspase-3 activity: a review,”Mikrochimica Acta,
vol. 185, no. 9, 2018.

[32] J. Chen, G. Z. Liu, Q. Sun et al., “Protective effects of ginseno-
side Rg3 on TNF-α-induced human nucleus pulposus cells
through inhibiting NF-κB signaling pathway,” Life Sciences,
vol. 216, pp. 1–9, 2019.

[33] P.-P. A. Vergroesen, I. Kingma, K. S. Emanuel et al., “Mechan-
ics and biology in intervertebral disc degeneration: a vicious
circle,” Osteoarthritis and Cartilage, vol. 23, no. 7, pp. 1057–
1070, 2015.

13Oxidative Medicine and Cellular Longevity



Research Article
Exosomes Derived from Human Urine-Derived Stem Cells Inhibit
Intervertebral Disc Degeneration by Ameliorating Endoplasmic
Reticulum Stress

HongFei Xiang ,1 WeiLiang Su ,1 XiaoLin Wu ,1 WuJun Chen ,2 WenBin Cong ,3

Shuai Yang ,1 Chang Liu ,1 ChenSheng Qiu ,4 Shang-You Yang ,5 Yan Wang ,1

GuoQing Zhang ,1 Zhu Guo ,1 DongMing Xing ,2,6 and BoHua Chen 1

1Department of Orthopedics, The Affiliated Hospital of Qingdao University, Qingdao, China 266003
2Cancer Institute, The Qingdao University, Qingdao, China 266003
3Radiology Department, The Affiliated Hospital of Qingdao University, Qingdao, China 266003
4Department of Orthopedics, Qingdao Municipal Hospital, Qingdao, Shandong 266011, China
5University of Kansas, School of Medicine-Wichita, 929 N St. Francis Street, Wichita, KS, USA 67230
6School of Life Sciences, Tsinghua University, Beijing, China 100084

Correspondence should be addressed to Zhu Guo; guozhugz@126.com, DongMing Xing; xdm_tsinghua@163.com,
and BoHua Chen; bhchen@hotmail.com

Received 9 October 2020; Revised 14 November 2020; Accepted 18 November 2020; Published 7 December 2020

Academic Editor: Wenyuan Ding

Copyright © 2020 HongFei Xiang 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.

Objective. This study is aimed at determining the effects of human urine-derived stem cell-derived exosomes (USCs-exos) on
pressure-induced nucleus pulposus cell (NPC) apoptosis and intervertebral disc degeneration (IDD) and on the ERK and AKT
signaling pathways. Methods. The NPCs were obtained from patients with herniated lumbar discs. Western blot analysis (WB)
and quantitative real-time polymerase chain reaction (qRT-PCR) were used to determine endoplasmic reticulum (ER) stress
levels of NPCs under stress. Human USCs were identified using an inverted microscope, three-line differentiation experiments,
and flow cytometry. A transmission microscope, nanoparticle size analysis, and WB procedures were used to identify the
extracted exosomes and observe NPC uptake. A control group, a 48 h group, and a USCs-exos group were established. The
control group was untreated, and the 48 h group was pressure-trained for 48 h, while the USCs-exos group was pressure-trained
for 48 h and treated with USCs-exos. WB, qRT-PCR, and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) analysis were used to determine the ER stress levels in stress conditions and after exosomal treatment. The AKT and
ERK pathways were partially detected. Magnetic Resonance Imaging (MRI) and computed tomography (CT) were used to
evaluate cell degeneration while exosomal effects on the intervertebral disc (IVD) tissue were determined by hematoxylin and
eosin (HE) staining, Safranin O-fast green staining, immunohistochemical staining (IHC), nuclear magnetic resonance (NMR),
spectrometric detection, and total correlation spectroscopy (TOCSY). IVD metabolites were also identified and quantified.
Results. After pressure culture, ER stress markers (GRP78 and C/EBP homologous protein (CHOP)) in the NPCs were
significantly elevated with time (p < 0:05). Human USCs are short and spindle-shaped. They can successfully undergo
osteogenic, adipogenic, and chondrogenic differentiation. In this study, these stem cells were found to be positive for CD29,
CD44, and CD73. The exosomes were centrally located with a diameter of 50-100 nm. CD63 and Tsg101 were highly expressed
while the expression of Calnexin was suppressed. The exosomes can be ingested by NPCs. USCs-exos significantly improved ER
stress responses and inhibited excessive activation of the unfolded protein response (UPR) as well as cell apoptosis and disc
degeneration through the AKT and ERK signaling pathways (p < 0:05). Conclusion. Through the AKT and ERK signaling
pathways, USCs-exos significantly inhibit ER stress-induced cell apoptosis and IDD under pressure conditions. It is, therefore, a
viable therapeutic strategy.
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1. Introduction

Lower back pain (LBP) is a common condition that affects
the quality of life and results in a heavy financial burden
[1]. The IDD is the main cause of LBP [2]. The IVD is a
cartilage tissue composed of the central colloidal nucleus pul-
posus (NP), peripheral fibrous annulus (AF), and the upper
and lower endplates [3]. During the IDD process, the NP area
first exhibits degenerative changes. The apoptosis of NP cells
is one of the most common manifestations of IDD [4–6].
Apoptosis refers to programmed cell death that is triggered
by the activation of caspase [7]. Studies on IVD degeneration
have focused on NPC apoptosis. Gruber and Hanley [8] were
the first to identify apoptotic cells in the degenerated IVD.
Later, Rannou et al. [9] proved that IDD is positively corre-
lated with NP cell apoptosis. Therefore, the decrease in the
number of cells in the nucleus pulposus area during IDD is
the apoptosis of NPCs.

The biochemical cascade involved in IDD pathogenesis is
extremely complex. IDD is associated with a decrease in pro-
teoglycan content of NPCs, which leads to biomechanical
changes [10]. However, the relationship between mechanical
load and IDD onset has not been established. As it is sub-
jected to mechanical stresses of different intensities in daily
work and life, the IVD tissue plays an important role in spinal
biomechanics [11]. Wilke et al. [12] measured the pressure
on the L4/5 discs of healthy people. They found that the pres-
sure is 0.1MPa during sleep and 0.3-2.3MPa during daily
activities (it is 0.3-0.83MPa when sitting, 0.5-1.1MPa when
standing, and 1.1-2.3MPa when carrying a load). Zhang
et al. [13] utilized 0.8MPa to simulate IVD force during
activity. And they found that it caused apoptosis in NPCs.
Studies have documented that mechanical load is an
important factor in IDD pathogenesis. Excessive mechanical
pressure promotes cell apoptosis, increases the secretion of
extracellular matrix-degrading enzymes, and suppresses the
enzymes associated with the synthesis of the extracellular
matrix, which ultimately lead to IDD [14, 15]. Therefore,
studies should be aimed at elucidating the relationship
between mechanical load and NPC apoptosis during IDD.

As an important organelle in eukaryotic cells, the ER is
involved in the regulation of basic cellular processes, includ-
ing folding transmembrane and secreted proteins, lipid
synthesis, drug detoxification, Ca2+ storage, and signal trans-
duction [16]. However, various factors such as inhibition of
protein glycosylation, Ca2+ depletion, redox state changes,
and the expression of misfolded proteins suppress ER func-
tions. These dysfunctions may cause protein toxicity in the
ER, collectively referred to as ER stress, which leads to the
activation of the UPR [17, 18]. A certain degree of UPR pro-
tects cells from external stimuli and reestablishes cell homeo-
stasis. However, under long-term or excessive pressure, UPR
cannot restore protein homeostasis and cell homeostasis.
Instead, cell death occurs through the ER stress-induced apo-
ptosis mechanism [19–21]. Proper biomechanical loading
plays an active role in the structure and function of articular
cartilage [22]. However, continuous abnormal biomechanical
stimulation leads to the accumulation of misfolded proteins
in the ER lumen [23], causing ER stress [24].

Paracrine factors of mesenchymal stem cells (MSCs) play
an important role in maintaining NP cell proliferation and
inhibiting their apoptosis [25, 26]. MSCs secrete specific
types of extracellular vesicles, such as exosomes, to achieve
their therapeutic paracrine effect [27]. Exosomes are cell-
secreted extracellular vesicles with a diameter of about 30-
100 nm [28]. They provide a high number of biologically
active substances, such as lipids, nucleic acids, and proteins,
to recipient cells through membrane fusion. They are also
involved in material and information exchange between cells
[29]. However, MSC sources in the body are limited, and it
causes certain trauma to the body when extracted, which
limits its application. Human USCs exhibit a multidirectional
differentiation potential. These cells have a wide range of
sources from which they can be easily obtained in a safe
and noninvasive manner. In addition, they are better sources
of exosomes [30–32]. However, the specific mechanism by
which exosomes promote the proliferation of NPCs and
reduce their apoptosis has not been established.

In this study, we determined the expression levels of ER
stress markers and UPR-related genes in NPCs under normal
and stress conditions. The findings of this study provide new
avenues for exploring the relationship between IDD and ER
stress to inform the development of therapeutic options.

2. Materials and Methods

2.1. Isolation and Culture of NPCs. This study was approved
by the Ethical Committee of the Affiliated Hospital of
Qingdao University (approval number: QDFY-19-012-03).
Patients or their guardians were required to sign informed
consent before being enrolled in the study. The IVD tissues
were obtained from patients with lumbar degenerative dis-
eases who had been subjected to posterior foraminal lumbar
intervertebral surgery. The AF and cartilaginous endplate
(CEP) in the specimen were carefully removed under a
microscope. After being washed 3 times with phosphate-
buffered saline (PBS), the nucleus pulposus tissue was sliced
to 1mm3 and digested in 0.2% type II collagenase (Gibco)
for 3 h. A 75μm filter was then used to remove tissue residues
before the obtained cells were centrifuged at 800 r/min for 5-
10 minutes. The cells were resuspended in Dulbecco’s modi-
fied Eagle medium/F-12 (DMEM/F-12) medium (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin. They were
incubated at 37°C in a 5% CO2 environment.

2.2. USC Extraction. A 200ml fresh sterile urine sample from
6 healthy male adults (average age 25:5 ± 1:26) was obtained
in aseptic conditions. The urine sample was centrifuged at
400 g for 10 minutes, the supernatant was discarded, and
the cell pellet was resuspended in PBS. It was centrifuged
again at 200 g for 10 minutes, and the supernatant was care-
fully aspirated. The cell pellet was resuspended in 4ml
mixture of 10% fetal bovine serum (FBS) (Gibco, Australia),
1% penicillin-streptomycin, and REGM SingleQuot growth
factor additive (Lonza, Basel, Switzerland) DMEM/F-12
medium (HyClone, Utah, USA). They were then inoculated
in a 12-well plate that had been precoated with gelatin and
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incubated at 37°C in 5% CO2. The medium was changed
every two days until a cell colony was formed. The colony
was then transferred to RE/MC medium to continue the cul-
ture. The RE cell proliferation medium was made of 500ml of
RE cell basal medium with REGM SingleQuot kit compo-
nents. The MC Proliferation Medium was a DMEM/F-12
medium supplemented with 10% FBS, 1% GlutaMAX
(Gibco, Japan), 1% NEAA (Gibco, Grand Island, USA), 1%
pen/strep (Gibco, Grand Island, USA), 5 ng/ml bFGF (Pepro-
Tech, Rocky Hill, USA), 5 ng/ml PDGF-AB (PeproTech,
Rocky Hill, USA), and 5ng/ml EGF (PeproTech, Rocky Hill,
USA). The RE/MC medium was a 1 : 1 mixture of RE multi-
plication medium and MC multiplication medium. The pas-
sage was performed when the cell density reached 70%-80%.
The P2-4 cells were obtained for subsequent experiments.

2.3. Flow Cytometry and Identification of USC Surface
Markers. After digestion with trypsin, P3 generation USCs
with good growth characteristics were obtained and washed
3 times using PBS after centrifugation. A cell suspension with
a final concentration of 1 × 106 cells/ml was made. A 100μl
cell suspension was pipetted and mixed with 10μl of CD29,
CD44, and CD73 (Santa Cruz Biotechnology, USA) mono-
clonal antibody working solution. They were incubated in
the dark for 1 h at room temperature. The cells were washed
3 times and analyzed by flow cytometry.

2.4. Three-Line Differentiation of USCs. To evaluate the dif-
ferentiation potential of human USCs, they were induced to
differentiate into osteogenic, adipogenic, and chondrogenic
cells according to the osteogenesis, adipogenesis, and chon-
drogenesis differentiation culture kit (Cyagen Biosciences,
Guangzhou, China) instructions. USCs were seeded into a
6-well plate. When the cell fusion rate was 80%, differentia-
tion was induced. Upon the induction of osteogenic differen-
tiation, osteogenic differentiation medium (Cyagen,
Guangzhou, China) was added and replaced every 3 days.
After 21 days of induction, the cells were fixed in 4% parafor-
maldehyde and stained with Alizarin Red for observation.
The osteogenic differentiation complete medium kit contains
175ml basal medium, 20ml serum, 2ml penicillin-strepto-
mycin, 2ml glutamine, 2ml beta-glycerophosphate sodium,
400μl ascorbic acid, and 20μl dexamethasone. To induce dif-
ferentiation by adipogenesis, the adipogenic differentiation
medium A (Cyagen, Guangzhou, China) was added; 3 days
later, it was changed to adipogenic differentiation medium
B (Cyagen, Guangzhou, China); 24 h later, it was again chan-
ged to medium A. Medium alterations were made for a total
of 3 times. The cells were finally fixed with 4% paraformalde-
hyde and observed after staining with Oil Red O. The adipo-
genic differentiation medium A kit contains 175ml basal
medium, 20ml fetal bovine serum, 2ml penicillin-strepto-
mycin, 2ml glutamine, 400μl insulin, 200μl 3-isobutyl-1-
methylxanthine (IBMX), 200μl dexamethasone, and 200μl
rosiglitazone. The adipogenic differentiation medium B kit
contains 175ml basal medium, 20ml fetal bovine serum,
2ml penicillin-streptomycin, 2ml glutamine, and 400μl
insulin. Upon the induction of chondrogenesis, cell counting
was done. Approximately 2:5 × 105 of USCs were centrifuged

at 150 g in a 15ml centrifuge tube for 5 minutes, and the
supernatant was discarded. Chondrogenic differentiation
medium (0.5ml) was added to the cells and cultured. The
medium was changed every 3 days. The cells were then fixed
in 4% paraformaldehyde for 21 days and sliced after embed-
ding in paraffin. They were finally stained with Alcian Blue
for observation. The chondrogenic differentiation medium
kit contains 194ml of basic medium, 600μl ascorbic acid,
20μl dexamethasone, 2ml ITS supplement (ITS+supple-
ment), 200μl sodium pyruvate, 200μl proline, and 2ml
transforming growth factor-β3 (TGF-β3).

2.5. Extraction and Identification of Exosomes. After the cells
had grown to a 70-75% confluence, the medium was aspi-
rated. The cells were washed 3 times using PBS. Serum-free
medium was added to the cells and cultured for 48 h. The cul-
ture medium was then centrifuged at 500 g for 10min at 4°C
to remove residual cells, centrifuged at 2000 g for 20min at
4°C to remove cell debris, and centrifuged at 10000 g for
30min at 4°C to further remove impurities. The supernatant
was obtained and filtered using a 0.22μm filter membrane to
remove oversized particles. The supernatant was then ultra-
centrifuged at 100000 g at 4°C for 2 h. The resulting pellet
was resuspended in PBS. A transmission electron microscope
(TEM) (JEM-1200EX, Japan) was then used to observe the
morphology of exosomes while the NanoSight detector
(Malvern, England) as well as the NTA detection and analysis
software was used to analyze the number and size distribu-
tion of the exosomes. Western blot was used to detect exoso-
mal markers (CD63, TSG101, and Calnexin).

2.6. Uptake of Exosomes by NPCs. The PKH26 fluorescent
dye kit (Sigma-Aldrich) was used to label exosomes accord-
ing to the manufacturer’s instructions. Excess dye was neu-
tralized with an equal volume of PBS containing 5% BSA.
The labeled cells were then centrifuged at 4°C and 100000 g
for 70 minutes. The supernatant was removed, and the
labeled cells were resuspended in 50μl PBS. The prepared
exosomes of labeled USCs were added to NPCs, incubated
for 12 h in the dark, fixed in 4% paraformaldehyde for 20
minutes, stained with DAPI, and mounted with glycerol to
observe their uptake using a laser confocal microscope. The
Leica Application Suite Advanced Fluorescence software
was used to analyze the obtained image.

2.7. Construction of Pneumatic Pressure Model. The NPCs
were introduced into a pneumatic pressure device assembled
by our research group to simulate pressure-associated IVD
tissue damage. The device is composed of a cell culture appa-
ratus and a high-pressure gas scheme. About two liters of
double-distilled water was added to the cell culture device
to a level that did not exceed the cell placement equipment.
After placing the cell culture plate in the corresponding
position, the equipment was turned off. To obtain 1.0MPa,
a high-pressure gas device was used to fill the cell culture
environment with a mixed gas containing 90% N2, 5% CO2,
and 5% O2. The temperature of the cell culture device was
set to 37°C. After 48 hours of culture, the cells were obtained
for Western blotting and other experiments.
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2.8. Western Blot Analysis. The obtained cells were lysed in
radioimmunoprecipitation assay (RIPA) lysis buffer
(Solarbio, Beijing, China) containing 1mM phenylmethane-
sulfonyl fluoride (PMSF) and protease inhibitors to extract
proteins. The concentration of the extracted protein was
determined using a bicinchoninic acid (BCA) kit (Solarbio,
Beijing, China). The protein and the loading buffer were then
mixed at a ratio of 4 : 1 (V/V), boiled for 10 minutes, sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and transferred to a polyvinylidene
fluoride (PVDF) membrane. The PVDF membrane was
sealed with 5% skimmed milk powder at room temperature.
The membrane was then incubated overnight at 4°C with pri-
mary antibodies (CD63, TSG101, Calnexin, GRP78, CHOP,
GRP94, caspase-3, caspase-12, p-PERK, PERK, ATF6, p-
IRE1α, IRE1α, XBP1, ATF4, ERK, p-ERK, AKT, p-AKT, and
β-actin) (Santa Cruz Biotechnology, USA). After overnight
incubation, the membrane was incubated with a horseradish
peroxidase- (HRP-) labeled secondary antibody (ABclonal,
Wuhan, China) for 1h. An ECL kit (Thermo Fisher Scientific,
Rockville, MD, USA) was then used for luminescence observa-
tion. The obtained images were analyzed using Image Lab
software (Bio-Rad, Hercules, CA, USA).

2.9. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA was extracted from the cultured cells
using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Reverse transcription and gene amplification procedures
were done according to the kit manufacturer’s instructions
(TransGen Biotech, Beijing, China). GAPDH was set as an
internal reference. The primer sequences used in this study
are presented in Table 1. The obtained data was analyzed
using the 2-ΔΔCt algorithm.

2.10. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) Staining. TUNEL staining was used to
detect cell apoptosis. Cells were fixed in 4% paraformalde-
hyde for 1 h at room temperature. They were then incubated
with 0.5% TritonX-100 in PBS for 5 minutes. After washing
using PBS, they were incubated for 60 minutes as described
by the apoptosis detection kit (Roche, Basel, Switzerland).
The cells were finally stained with 0.1 g/ml DAPI and
mounted with glycerol to observe apoptosis using a laser con-
focal microscope.

2.11. Rat Tail Degeneration Experiment. Twenty 3-month-
old SD rats were purchased for the in vivo experiments. Five
rats were randomly selected and assigned to the normal con-
trol group, without any treatment; the remaining 15 rats were
all treated as the experimental group. The rats were anesthe-
tized with 2% pentobarbital, and the three IVDs (Co4/5,
Co5/6, and Co6/7) of each rat were determined on the tail
vertebrae by palpation. A 21G needle was used to puncture
the IVDs of Co4/5 and Co5/6, respectively. The Co4/5 was
injected with USCs-exos (100μg/ml). The injection was done
every 2 weeks. The condition of the IVD was observed in the
4th and 8th weeks using CT and MRI scans. Then, the degen-
eration of the IVD was evaluated according to the signal
changes in MRI images. After the 8th week, the rats were

sacrificed and the IVD samples were obtained. This experi-
mental protocol was approved by the Animal Experiment
Committee of Qingdao University, China.

2.12. Safranin O-Fast Green Cartilage Stain. The IVD tissue
samples were fixed with paraformaldehyde, decalcified, dehy-
drated, and then embedded in paraffin. The Safranin O-Fast
Green Cartilage Staining Kit (Solarbio, Beijing, China) was
used for staining according to the manufacturer’s instruc-
tions. The tissue samples were deparaffinized in water, intro-
duced in freshly prepared Weigert dye solution for 3-5
minutes, and washed with water. They were differentiated
in acidic differentiation solution for 15 seconds, washed with
distilled water for 10 minutes, immersed in the fast green
staining solution for 5 minutes, and quickly washed using a
weak acid solution for 10-15 seconds to remove the excess
fast green. The samples were then introduced into Safranin
O stain for 5min, dehydrated using 95% ethanol and
absolute ethanol, and made transparent using xylene. They
were observed after sealing using an optical resin.

2.13. Hematoxylin-Eosin (HE) Staining. The samples were
decalcified and fixed in formaldehyde, dehydrated, embedded
in paraffin, and sectioned. HE staining was performed using
the Hematoxylin and Eosin (HE) Staining Kit (Solarbio,
Beijing, China) according to the manufacturer’s instructions.
Briefly, paraffin sections were deparaffinized, hydrated,
stained using the hematoxylin staining solution for 5-20
minutes, and introduced into the differentiation solution for
30 seconds. The sections were washed with warm water at
37°C, introduced in eosin dye solution, washed, soaked again,
dehydrated, made transparent using xylene, mounted, sealed
with neutral gum, and observed under a microscope.

2.14. Immunohistochemical Analysis (IHC). The rats were
euthanized, and their IVDs were obtained, decalcified, fixed
in formaldehyde, dehydrated, and embedded in paraffin.
The sections were dewaxed, hydrated, incubated at room
temperature with 3% hydrogen peroxide for 10 minutes,
and then twice soaked in PBS for 5 minutes each time for

Table 1: Primer sequences for quantitative real-time PCR.

Gene name Primer sequences (5′‐3′)

CHOP
Forward (F) 5′-CTTCTCTGGCTTGGCTGACT-3′
Reverse (R) 5′-TCTGTTTCCGTTTCCTGGTT-3′

GRP78
Forward (F) 5′-TCCTATGTCGCCTTCACTCC-3′
Reverse (R) 5′-ATGTCTTTGTTTGCCCACCT-3′

ATF4
Forward (F) 5′-TGAAGGAGATAGGAAGCCAGA-3′
Reverse (R) 5′-GCAGACCCACAGAGAACACC-3′

XBP1
Forward (F) 5′-ATGGATTCTGGCGGTATTGA-3′
Reverse (R) 5′-AAAGGGAGGCTGGTAAGGAA-3′

GAPDH
Forward (F) 5′-CGACCACTTTGTCAAGCTCA-3′
Reverse (R) 5′-AGGGGAGATTCAGTGTGGTG-3′
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antigen repair. The sections were then blocked using PBS
supplemented with 5% goat serum for 1 h. Caspase-3 pri-
mary antibody (Santa Cruz Biotechnology, USA) was then
added and incubated overnight at 4°C. After overnight incu-
bation, the sections were rinsed with PBS 3 times; 5 minutes
later, a horseradish peroxidase-labeled secondary antibody
was added and incubated at 37°C for 30 minutes. The sec-
tions were thrice rinsed using PBS for 5 minutes each time.
Approximately 5ml of diaminobenzidine (DAB) was added
for 3-15 minutes to induce color development. Tap water
was then used to fully rinse after which the sections were
counterstained, dehydrated, made transparent using xylene,
covered with neutral resin, and observed under a microscope.

2.15. Nuclear Magnetic Resonance Spectroscopy and TOCSY
Spectra Identification of Metabolites in IVD. Fresh IVD tissue
was ground and lysed in RIPA lysis buffer (Solarbio, Beijing,
China) containing 1mM phenylmethanesulfonyl fluoride
(PMSF) and protease inhibitors to obtain protein. The con-
centration of the extracted protein was detected using a
BCA kit (Solarbio, Beijing, China) according to the manufac-
turer’s instructions. Five hundred microliter of D2O and
100μl of 10% 3-(trimethylsilyl) propionic acid sodium salt
(TSP) were then added to the protein. They were mixed
and centrifuged at 14,000 g for 15 minutes (to remove the
precipitated particles of the tissue in the solution). 550μl of
the supernatant was obtained and used to detect the protein
and metabolite solution using the 600MHz NMR (Bruker,
Germany) equipment according to the manufacturer’s
instructions. The characteristic TOCSY, two-dimensional
spectrum of the tissue metabolites and protein solution, was
obtained and analyzed using the MestReNova (Mestrelab
Research Co. Ltd., USA) software in order to identify the
main differences in the metabolite and protein residues.

2.16. Statistical Analysis. The experiments were done in trip-
licates. Continuous data is expressed as the mean ±
standard deviation ðSDÞ while the nonparametric data is
expressed in the median and interquartile range. One-way
analysis of variance (ANOVA) was used to compare the sta-
tistical differences among groups while the parallel group
parameters were compared by a t-test. p < 0:05 was set as
the threshold for statistical significance. Statistical analysis
was done using SPSS 20.0 software (SPSS, Chicago, IL,
USA), while the GraphPad Prism 8 (GraphPad Software,
USA) software was used to draw statistical graphs.

3. Results

3.1. Expression of ER Stress Markers in NPCs after Pressure
Culture. Endoplasmic reticulum stress is associated with the
pathogenesis of IDD. Severe ER stress induces excessive apo-
ptosis of NP cells [33, 34]. In this study, protein was extracted
from the pressure-cultured NPCs. The ER stress marker
GRP78 and the downstream protein CHOP were detected
by Western blot (Figures 1(a)–1(c)). The expression levels
of GRP78 and CHOP were also determined by qRT-PCR at
different times of pressure culture (n = 3). The gene and pro-
tein expressions of GRP78 and CHOP were positively corre-

lated with the time of pressurized culture (Figures 1(d) and
1(e)). These findings indicate that external pressure stimula-
tion induced ER stress, which caused NPC apoptosis thereby
leading to the occurrence or acceleration of IDD.

3.2. Identification of USCs-Exos and NP Cell Uptake. Human
USCs were extracted from the urine of healthy adults. Under
a light microscope, human USCs exhibit a short fusiform or
spindle-shaped appearance (Figure 2(a)). Their differentia-
tion into three cell lines was induced by osteogenic, cartilage,
and adipogenic media (Figure 2(b)). Flow cytometry showed
that the USC surface markers CD29, CD44, and CD73 were
positive (Figure 2(c)). USCs exhibit a variety of biological
characteristics such as clonogenicity, expression of specific
cell surface markers, and pluripotent differentiation abilities
that correspond to those of the adult MSCs [28, 35–37].
The positive CD29, CD44, and CD73 findings were consis-
tent with previous studies. The shape of USCs-exos was
similar to a circular sacculus with a depressed center with a
diameter in the range of 50-100 nm (Figure 2(d)). Nanopar-
ticle size analysis revealed that the USCs-exos exhibited a
particle size range of 50-100 nm (Figure 2(e)). The USC exo-
somal marker proteins (CD63 and Tsg101) were highly
expressed, while the negative protein Calnexin was sup-
pressed (Figure 2(f)). The exosomes were labeled with
PKH26 and incubated with NP cells to confirm that they
could be taken up by NPCs. Fluorescently labeled exosomes
were observed in the cytoplasm of NPCs, indicating that
the exosomes had been taken up by NPCs (Figure 2(g)).

3.3. USCs-Exos Inhibit Pressure-Induced ER Stress and
Suppress NPC Apoptosis. Pressure stimulation causes cell
apoptosis [38, 39]. Stem cell exosomes exhibit an antiapopto-
tic effect under a variety of conditions [25, 27]. Figures 3(a)–
3(c) show the expression levels of ER stress marker proteins
(GRP78 and GRP94) and their relative protein expression
levels. Severe ER stress causes cell apoptosis; therefore, the
expression of caspase-3 and caspase-12 between the groups
was compared (Figures 3(d)–3(f)). It was revealed that the
apoptotic rate increased under pressure culture conditions
while treatment with USCs-exos decreased the apoptotic rate
(Figures 3(g) and 3(h)). The above results indicate that pres-
sure elevates the ER stress of NPCs, while USCs-exos inhibit
the occurrence of ER stress and, therefore, reduce cell apo-
ptosis, which may exert a protective effect on the IVD tissue.

3.4. USCs-Exos Inhibit the Activation of UPR Caused by ER
Stress in Human NPCs under Pressure Culture Conditions.
It has been documented that severe or prolonged ER stress
may overactivate UPR, excessive protein degradation, and
eventually apoptosis [40]. The role of USCs-exos in stress-
induced ER stress was determined by evaluating the expres-
sion levels of three transmembrane proteins (protein
kinase-like endoplasmic reticulum kinase (PERK), inositol-
requiring protein 1α (IRE1α), and activating transcription
factor (ATF6)) in the classic branch of UPR (Figure 4(a)).
Pressure culture enhanced the expression levels of ATF6,
phosphorylated IRE1α (p-IRE1α), and phosphorylated
PERK (p-PERK) in NPCs, indicating that UPR was activated
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(Figure 4(a)). Furthermore, transcription of the downstream
genes of UPR gene activating transcription factor 4 (ATF4)
and X-box binding protein 1 (XBP1) was also elevated
(Figures 4(h) and 4(i)). After stress culture, CHOP was found
to be activated at the RNA and protein levels as an apoptotic
mediator of ER stress (Figure 4(j)). Compared to the control
group, the expression levels of ATF4, XBP1, and CHOP in

the exosomal group were significantly suppressed. The above
results indicate that USCs-exos regulate URP activation by
regulating the ER stress of NPCs under pressure.

3.5. USCs-Exos Inhibit Stress-Induced ER Stress-Related
Apoptosis through the AKT and ERK Pathways. The uptake
of exosomes by cells activates the AKT and ERK pathways
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Figure 1: Endoplasmic reticulum stress level after stress culture of human NPCs. (a–c) Analysis of the protein levels of GRP78 and CHOP by
Western blot (a), and based on this, the gray values of relative protein expression are compared (b, c). β-Actin was used as an internal control.
∗Compared to the control group, p < 0:05. (d, e) The mRNA levels of GRP78 and CHOP in NPCs after pressure culture. ∗Compared to the
NC group, p < 0:05.
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Figure 2: Continued.

7Oxidative Medicine and Cellular Longevity



[41, 42]. In this study, we found that after pressure incuba-
tion, the phosphorylation levels of AKT and ERK in the
USCs-exos (100μg/ml) group were significantly elevated

when compared to the control group (Figures 5(a)–5(c)).
Figures 5(d)–5(g) show the expression levels of CHOP and
the activation of caspase-3 as well as caspase-12. It was
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Figure 2: Identification of human USC exosomes (USCs-exos). (a) Human USCs exhibit a short fusiform or spindle-shaped appearance, with
sporadic cells appearing on day three (left picture) and large numbers of cells appearing at day seven (right picture). (b) Osteogenic,
adipogenic, and chondrogenic differentiation capabilities of USCs were determined by Alizarin Red, Oil Red O, and Alcian Blue staining.
(c) USC surface markers (CD29, CD44, and CD73) were detected by flow cytometry. (d) A typical image of USCs-exos morphology as
obtained by a transmission electron microscope (TEM). (e) Particle size distribution of USCs-exos as determined by the nanoparticle size
analysis. (f) The protein marker of USCs-exos as detected in exosomes and USCs by Western blot analysis. (g) Exosomes taken by NP
cells incubated with PKH26-labeled USCs-exos for 12 hours, and NP cell nuclei were stained with DAPI.
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Figure 3: Continued.
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observed that under pressure, the phosphorylation levels of
AKT and ERK decreased. This was attributed to the expres-
sion of CHOP and the activation of caspase protein. Treat-
ment of the pressure-cultured cells with USCs-exos
significantly activated the AKT and ERK signaling pathways,

thereby suppressing CHOP expression while downregulating
caspase-3 and caspase-12 activation. When the NPCs were
treated with AKT signal inhibitor (LY294002) or ERK signal
inhibitor (PD98059), the protective effect of USCs-exos was
reduced. These experiments imply that USCs-exos partially
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Figure 3: Under stress conditions, USCs-exos suppressed the expression of GRP78 and GRP94. Except the control group, NP cells were
cultured for 48 h under pressure. USCs-exos-10, 50, and 100 indicated that 10, 50, or 100μg/ml exosomes were added to each response
group. (a) Protein levels of GRP78 and GRP94 were measured by Western blot analysis, and their relative quantities were calculated (b, c)
using β-actin as an internal reference. (d) Western blot analysis was used to detect the expression levels of caspase-3 and caspase-12, and
their relative quantities (e, f) were calculated using β-actin as an internal reference. (g) Fluorescence images of TUNEL analysis in
different groups. The nucleus was stained with DAPI. (h) The proportion of apoptotic cells according to TUNEL staining. Data are
expressed as the mean ± SD. ∗Compared to the control group, p < 0:05; #compared to the 48 h group, p < 0:05.
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Figure 4: Continued.
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activate AKT and ERK signal transduction pathways in
human NPCs to inhibit the related ER stress-induced
apoptosis.

3.6. USCs-Exos Inhibit ER Stress-Related Apoptosis and
Suppress IVD Degeneration. Figures 6(d) and 6(e) show the
MRI and CT scans of the rat models at 0, 4, and 8 weeks after
the puncture to measure the disc height and degeneration
grade. The USCs-exos were shown to delay disc degeneration
by reducing apoptosis (Figures 6(a)–6(c)). In addition, the
characteristic TOCSY two-dimensional spectra of the metab-
olites and protein solutions of IVD tissues also showed obvi-
ous changes (Figure 6(f)). Compared to the simple puncture,
the CHOP amino acid residue leucine (Leu) in the IVDs
punctured and treated with USCs-exos was significantly
reduced; the quantity of aspartic acid (Asp), the amino acid
residue of caspase-3, in the IVD of the injected exosomes
was significantly lower than that of the pure puncture seg-
ment; after injection of the exosomes, the anaerobic glycoly-
sis product, lactic acid (Lac), was significantly decreased. The
HE and Safranin O-fast green staining of cross-section of
IVD tissue showed (Figure 6(g)) that the IVD with a simple
puncture was more disordered and looser than the annulus
fibrosus injected with USCs-exos. Moreover, it contained a

lot of inflammatory cells and scars with degenerating nucleus
pulposus tissue protruding into the annulus. In short, the
degeneration degree was significantly higher. And on the lon-
gitudinal section of the IVD tissue (Figure 6(h)), Masson
staining showed that the fibrous tissue content of the IVD
in the simple puncture group was significantly higher than
that of the USCs-exos group, while the nucleus pulposus tis-
sue content was significantly lower than that of the USCs-
exos group. Similar results were observed with HE staining
and Safranin O-fast green staining. These findings were con-
firmed by the immunohistochemical staining procedure.
Compared to the simple puncture group, caspase-3 expres-
sion, which is associated with apoptosis, was significantly
suppressed after treatment with USCs-exos (Figure 6(h)).

Therefore, the in vivo study revealed that USCs-exos
inhibit IDD by inhibiting ER stress-associated cell apoptosis.

4. Discussion

Studies have established that paracrine plays an important
role in stem cell-associated inhibition of IDD [43, 44]. Exo-
somes are the key bioactive paracrine components of stem
cells and can replace stem cell transplant-based therapies.
Excess stress due to mechanical loads and ER stress is
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Figure 4: USCs-exos enhance the activation of UPR and related proteins under stress conditions. The USCs-exos group was treated with
USCs-exos (100 μg/ml). (a–g) Protein expression levels of p-PERK, PERK, ATF6, p-IRE1α, IRE1α, XBP1, ATF4, and CHOP as
determined by Western blot analysis and calculation of their relative quantities (b–g) using β-actin as an internal reference. (h–j) The
transcription levels of XBP1 (h), ATF4 (i), and CHOP (j) as determined by qRT-PCR. The data are expressed as the mean ± SD. ∗

Compared to the control group, p < 0:05; #compared to the 48 h group, p < 0:05.
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Figure 5: Continued.
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involved in IDD pathogenesis. Abnormal mechanical load-
associated pressures can lead to the apoptosis of NPCs [13,
39]. Long-term abnormal pressure enhances ER stress, which
leads to cell apoptosis. The earliest response to ER stress is
UPR. Long-term excessive stress leads to a transition from
adaptive to proapoptotic responses, which cause pathological
conditions [45]. The activation of UPR triggers a series of
downstream cascade reactions, including ATF4 and XBP1,
which enhance the overexpression of CHOP [46–49].

Overexpressed CHOP activates caspase-3 and elevates the
apoptotic rate [50].

In this study, USCs-exos were shown to inhibit NPCs ER
stress-induced cell apoptosis in a dose-dependent manner.
The antiapoptotic effect of USCs-exos is realized through
the inhibition of ER stress and the activation of the AKT
and ERK signaling pathways. After prolonged stress stimula-
tion, NPCs exhibit excess ER stress that leads to UPR accu-
mulation. UPR accumulation elevates the secretion of
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Figure 5: USCs-exos regulate ER stress under stress-induced conditions by activating the AKT and ERK signaling pathways in NPCs. In the
USCs-exos group, USCs-exos (100 μg/ml) was added for intervention under pressure. (a–c) Protein levels of AKT, p-AKT, ERK, and p-ERK
were evaluated by Western blotting, and their relative quantities were calculated (b, c) using β-actin as the internal reference. LY294002 (LY)
is an inhibitor of PI3K/AKT. PD98059 (PD) is an inhibitor of ERK1/2 phosphorylation. (d–g) The protein levels of CHOP, caspase-12, and
caspase-3 were measured by Western blotting and statistically analyzed (e–g) using β-actin as an internal control. The data are expressed as
the mean ± SD. ∗Compared to the control group, p < 0:05; #compared to the 48 h group, p < 0:05; $compared to USCs-exos group, p < 0:05.
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Figure 6: USCs-exos inhibits ER stress-associated cell apoptosis and delays IDD in vivo. (a–c) The expression levels of GRP78 and CHOP in
rat degeneration models as determined byWestern blotting, and their relative quantities (b, c). (d) CT scans of the three adjacent IVDs of the
rat’s tail vertebra at 0, 4, and 8 weeks. The height of the intervertebral space in the experimental group was significantly lower than that of the
USCs-exos group and the control group. (e) T2W1-weighted images of the MRI scans performed on the rat’s tail at 0, 4, and 8 weeks. The
degeneration of the experimental group was significantly stronger than that of the USCs-exos group and control group. (f) In the NMR
detection, compared to the simple puncture, the CHOP amino acid residue leucine (Leu) in the IVDs punctured and injected with USCs-
exos was significantly suppressed; caspase-3 amino acid residue aspartic acid. The content of the injected exosomes in the IVD is
significantly lower than that of the pure puncture segment; lactic acid (Lac) levels were also significantly low. (g) The HE and Safranin O-
fast green staining of the IVD revealed that the IVD with simple puncture was more disordered and looser than the annulus fibrosus
injected with USCs-exos and contained a large number of inflammatory cells and scars. The degenerated nucleus pulposus tissue
protrudes into the annulus fibrosus. (h) Masson staining, Safranin O-fast green staining, and HE staining all showed that the degree of
degeneration of the IVD tissue of injected USCs-exos was less, and IHC showed that the expression of caspase-3 was lower. ∗Compared to
the control group, p < 0:05; #compared to the USCs-exos group, p < 0:05.
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CHOP protein that cleaves caspase-12 and caspase-3. In
addition, a modified gas pressurization device was used to
cultivate NPCs. As the pressurization time increased, the
expression levels of GRP78 and CHOP increased. Further-
more, the expression levels of caspase-12 and caspase-3 were
also elevated. Treatment of NPCs using USCs-exos revealed
that as the exos concentration increased, the expression levels
of CHOP, caspase-3, and caspase-12 decreased. This indi-
cates that USCs-exos inhibited NPC apoptosis by inhibiting
ER stress in a dose-dependent manner. Therefore, we
hypothesized that stress stimulation promotes IDD progres-
sion through ER stress. Inhibiting ER stress may, therefore,
be an effective way of delaying or reversing IDD.

Stem cells are considered to be ideal for IVD regeneration
because they can prevent IVD cells from aging and apoptosis
[51]. Studies have found that exosomes can be used among
different individuals or species and are, therefore, viable
alternatives to stem cell transplantation therapy [29, 52,
53]. The effects of MSCs-exos on immune regulation, wound
healing, inflammation, and regulation of apoptosis have been
documented [41, 42, 54, 55]. However, the sources of MSCs
are limited. The acquisition procedures of these MSCs cause
trauma to the body and are expensive, thereby limiting their
use [56, 57] Compared to the other types of stem cells,
human USCs are obtained from noninvasive sources and
their acquisition procedures do not violate ethics, avoid
immune rejection when used in autologous therapy, have a
low cost of culture, and have a faster proliferative rate [32,
58]. The human USCs can differentiate into the mesoderm
cell lineage, including muscle cells, adipocytes, bone cells,
chondrocytes, and endothelial cells [30]. Compared to the
use of MSCs in IDD therapy, USCs are a more ideal choice.
When cells were treated with AKT antagonists or ERK antag-
onists, the antiapoptotic effect of USCs-exos was reduced.
This shows that under severe ER stress, USCs-exos inhibit
CHOP expression to reduce the activation of its lower-level
caspase. USCs-exos inhibit excess ER stress by activating
the AKT and ERK signaling pathways, suppressing UPR acti-
vation, and inhibiting CHOP expression and accumulation.
These effects inhibit NPC apoptosis.

Extracellular vesicles (EVs) are membrane organelles of
different sizes that are actively secreted by living cells.
According to their secretion manner, they can be classified
into three subgroups: apoptotic bodies, microvesicles, and
exosomes [59]. Exosomes have a unique double-layer mem-
brane structure, which makes it difficult for the substances
they contain to be degraded by various enzymes in body
fluids. Exosomes can be extracted and identified through
their unique shape, size, and density range, as well as specific
molecular markers on their surfaces. The process of IDD is
associated with changes in various signal transduction mech-
anisms such as Wnt/β-catenin, MAPK, NF-κB, Notch, and
PI3K/Akt. These cell signaling pathways cross-influence each
other to form a very complex signaling pathway network,
which regulates IDD. The IDD process is accompanied by
NPC apoptosis. However, the activation of the ERK signaling
pathway in PI3K/Akt and MAPK inhibits cell apoptosis, pro-
motes cell proliferation, and delays IDD. Yang et al. [60]
found that estrogen can reduce the expression of caspase-3

by activating the PI3K/Akt pathway, thereby reducing the
apoptosis of NPCs. Shabbir et al. [61] reported that exosomes
from human bone marrow-derived MSCs can activate signal
transduction pathways including Akt, Erk1/2, and STAT3 in
fibroblasts. Zhang et al. [55] documented that human UCB-
derived MSCs shuttle the Wnt4 protein, which induces β-
catenin nuclear translocation and enhances epidermal cell
activity. Exosomes in plasma activate the AKT and ERK
pathways to promote angiogenesis and increase the expres-
sion of antiapoptotic proteins [42]. The proteins contained
in exosomes have also been found to mediate the activation
of AKT and ERK signals [62]. AKT and ERK signal transduc-
tion pathways are involved in the regulation of cell prolifera-
tion and migration, as well as protein synthesis, apoptosis,
and metabolism [62–64]. Xu et al. found that inhibition of
the AKT and ERK signaling pathways enhances ER stress
and mitochondrial dysfunction-associated apoptosis [34].
We hypothesized that USCs-exos inhibit ER stress-induced
apoptosis by activating the AKT and ERK signaling path-
ways. Elevated CHOP expression levels suppressed AKT
and ERK phosphorylation. However, treatment with USCs-
exos activated the AKT and ERK signaling pathways to a
certain extent, thereby reducing the apoptotic rate of human
NP cells. Moreover, the PI3K/AKT inhibitor (LY294002) and
the ERK inhibitor (PD98059) suppressed the antiapoptotic
effect of exosomes. Therefore, USCs-exos inhibit ER stress
with CHOP as a downstream product.

The in vivo experiment revealed that the 21G puncture
needle can effectively cause IDD. However, the IDD degree
was lower in the USCs-exos-treated group when compared
to the untreated group. These findings imply that exosomes
can effectively delay IDD in vivo. In vivo studies have shown
that USCs-exos slow down IDD by suppressing NPC apopto-
sis, which is consistent with the in vitro experiment results.
The expression of GRP78 and CHOP in the degenerated
IVD tissue was significantly elevated, indicating that IDD is
closely correlated with ER stress. In addition, the increase in
pressure culture time elevated the expression levels of
GRP78 and CHOP in NPCs, indicating an increase in ER
stress. Equally, USCs-exos intervention suppressed the expres-
sion of GRP78, CHOP, caspase-3, and caspase-12. The injec-
tion of USCs-exos into the IVD of rats can reduce GRP78
and CHOP expression levels, indicating that exos inhibit ER
stress-induced IDD. Metabolomics revealed that compared
to the IVDs treated with USCs-exos, the levels of leucine
(Leu), aspartic acid (Asp), and lactic acid in the purely degen-
erated tissue were significantly higher while the alterations in
alanine (Ala) levels were small and transient. Leucine was
attributed to be the amino acid residue of CHOP and aspartic
acid as the amino acid residue of caspase-3, while lactic acid
was the product of anaerobic glycolysis caused by ER stress.
Treatment with USCs-exos caused these alterations.

The lack of nutrients in the IDD microenvironment
enhances the degeneration process [65, 66]. Sufficient
amounts of nutrients are required for cell survival and func-
tion. Due to the avascular nature of IVD [67–69], important
nutrients (such as glucose and oxygen) can only be trans-
ferred from the capillaries of the endplate or the edge of AF
to the area of the nucleus pulposus through the extracellular
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matrix (ECM). This translocation sharply reduces nutrient
concentration in the NPCs [70–72], making it extremely dif-
ficult to maintain a healthy state of IVD. The hypoxic envi-
ronment may be a normal condition of IVD cells, and the
increase in oxygen concentration after IVD degeneration
may be considered a pathological condition [73]. During
degeneration, there is tissue angiogenesis that leads to more
blood supply [74]. Studies have also reported that hypoxia
promotes ECM synthesis in mammalian IVD cells [75–77];
therefore, it is essential for maintaining the normal IVD
physiological structure and function. Moreover, as cells
adapt, changes in oxygen concentration activate or inhibit
the expression of multiple genes such as the hypoxia-
inducible factor-1 (HIF-1) [78]. Hypoxia-inducible factor
(HIF) is a transcription factor that responds to hypoxic ten-
sion and is one of the most important factors that directly
mediate cell response to hypoxia. HIF-1 is involved in the
homeostasis of NP, energy metabolism, and extracellular
matrix (ECM) metabolism of NPC [79, 80]. Schipani et al.
[81] reported that HIF-1 plays an important role in avascular
tissue survival and increases the enzyme activity of glycolysis
and metabolism under hypoxic conditions. Meng et al. [82]
documented that HIF-1 knockout causes IDD. Furthermore,
the interactions between HIF-1α and the intracellular domain
of Notch protein (Notch-ICD) inhibit the differentiation of
myoblasts and neural precursor cells. Hypoxia elevates the
expression levels of known Notch target genes, such as Hes1
and Hey1 [83]. The Notch pathway may be involved in signal
transduction during the normal functioning of IVD. IVD is a
relatively complex structure in the human body. Only by using
a three-dimensional (3D) structure can its in vitro growth be
simulated. Rastogi et al. [84] found that the 3D structure can
better maintain the IVD cell phenotype when compared to
the 2D monolayer structure. Gantenbein et al. [85] also
showed that 3D salt culture partially prevented the rapid loss
of cell components for up to 34 days. Utilization of 3D struc-
tures in studies may change the cell’s perception of physical,
spatial, and biochemical factors [86]. It can also affect cell
responses to inflammation and hypoxic stimulation. Studies
have also shown that the 3D structure exhibits an immuno-
modulatory effect on the expression of catabolic genes in
inflammatory and hypoxic environments [87]. The functional
mechanisms of HIF-1 could be attributed to the signal trans-
duction role of the Notch pathway. The specific mechanism
has not yet been established.

Exosomes have the potential to treat IDD. MSCs-exos
promote NPC proliferation and enhance the secretion of
the extracellular matrix [27]. Lu et al. found that MSCs-
exos inhibit NPC apoptosis by targeting the transfer of exoso-
mal microRNA that activates the PI3K/AKT pathway [26].
Liao et al. [88] incubated MSCs-exos with NPCs induced by
advanced glycation end products and confirmed that the
levels of apoptosis-related markers (caspase-3 and caspase-
12) were significantly suppressed. In this experiment,
USCs-exos were used to intervene NPC apoptosis. The find-
ings were consistent with the results of previous studies.
Although this study revealed that USCs-exos inhibit ER
stress-induced apoptosis by activating the AKT and ERK
signal transduction pathways, the specific signal molecules

involved have not been established. This study was limited
by the parallel verification of the effectiveness of metabolo-
mics and proteomics.

In conclusion, USCs-exos inhibited ER stress-induced
apoptosis of NPCs in vivo and in vitro. Moreover, the unique
advantages of USCs and their exosomes enhance their
consideration as therapeutic options for IDD.
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Mitochondria are cytosolic organelles essential for cellular function and survival. The function of mitochondria is maintained by
mitochondrial quality control systems including mitochondrial fission and fusion to adapt the altered environment and
mitophagy for removal of damaged mitochondria. Mitochondrial dysfunction is closely involved in aging-related diseases.
Intervertebral disc (IVD) degeneration, an aging-associated process, is the major contributor to low back pain. Growing
evidence has suggested that the mitochondrial function in IVD cells is severely compromised during the degenerative process of
IVD, and dysfunctional mitochondria along with impaired mitochondrial dynamics and mitophagy cause a series of cascade
reactions that have been implicated in increased oxidative stress, senescence, matrix catabolism, and apoptosis of IVD cells,
thereby contributing to the degeneration of IVD. Accordingly, therapies that target mitochondrial dysfunction and related
mechanisms, such as ROS generation, mitophagy, and specific molecules and signaling, hold great promise. The present review
summarizes the current state of the role of mitochondrial dysfunction in the pathophysiology of IVD degeneration and potential
therapeutic strategies that could be developed.

1. Introduction

The intervertebral disc (IVD) is a fibrocartilaginous tissue
interspacing and connecting adjacent vertebrae, which serves
to absorb and transmit mechanical loading from the spine
and permits movement of the spine [1]. The IVD consists
of three components. The central gelatinous nucleus pulpo-
sus (NP) primarily contains NP cells, type II collagen, and
proteoglycan. The outer annulus fibrosus (AF) is mainly
composed of AF cells and type I collagen fibers. The cartilag-
inous endplate (CEP) is a hyaline cartilaginous tissue that
joins IVD with the adjacent bony vertebrae [2]. NP cells act
a critical role in producing extracellular matrix (ECM) com-
ponents including type II collagen and proteoglycan, main-
taining the integrity and homeostasis of IVD [3].

Low back pain (LBP) is globally prevalent and more than
80% of people will suffer from LBP during their lifetime [4,
5]. It is also the main cause of disability, causing heavy socio-
economic cost each year worldwide [4, 6]. Degeneration of
the IVD characterized by advanced signs of aging and pro-

gressive structural destruction is widely recognized as a
major contributor to LBP [7]. Although factors including
obesity, genetic, trauma, and lifestyle (e.g., sedentary work
and the lack of sports activities) are associated with the devel-
opment of IVD degeneration [8, 9], the exact cellular and
molecular mechanisms underlying IVD degeneration are
complex and multifactorial. From past decades, extensive
evidence has suggested that oxidative stress, apoptosis, and
metabolic dysregulation of disc-resident cells, especially in
NP cells, are closely involved in the pathogenesis of IVD
degeneration [10]. Therefore, some intracellular regulatory
approaches that control these cellular processes are
extremely important and receive considerable attention.

Mitochondria are the double membrane, cytoplasmic
organelles with their own genome, the mitochondrial DNA
(mtDNA). Mitochondria play a crucial role in energy pro-
duction, mainly through the mechanism of oxidative phos-
phorylation [2]. In addition, these organelles contribute to
key biochemical processes including the generation of reac-
tive oxygen species (ROS) [11] and the regulation of calcium
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homeostasis [12], which affect cell metabolism, function, and
survival. The mitochondrial quality control system, including
mitochondrial fission and fusion, and selective self-clearance
mechanism termed mitophagy, enables them to modify their
shape, size, quality, and quantity in response to the cellular
needs and various stresses, thereby maintaining mitochon-
drial and cellular homeostasis [13, 14]. Given its essential
roles in cellular processes, it is not surprising that dysfunc-
tion or impairment of mitochondria will be implicated in a
series of pathological processes, such as oxidative stress,
senescence, apoptosis, and ECM degradation, consequently
causing detrimental effects on cell function and survival. As
we know, a wide range of diseases covering metabolic disor-
ders, cancer, and inflammatory diseases, particularly in
degenerative diseases, is characterized by the involvement
of mitochondrial dysfunction [15–18].

In recent years, the role of mitochondria in IVD degener-
ation is widely studied, and these studies have yielded a more
comprehensive understanding of the pathophysiology of
IVD degeneration and provided some promising therapeutic
approaches for the treatment of IVD degeneration, which we
aim to summarize and discuss in this review.

2. Mitochondrial Function and Homeostasis

As energy factories in mammal cells, mitochondria are
responsible for producing energy. Additionally, these organ-
elles are vital regulators of redox state and calcium balance. A
quality control machinery of mitochondria, referring to
mitochondrial dynamics and mitophagy, serves for the main-
tenance of mitochondrial homeostasis to fulfill their func-
tion. These processes proceed properly under the
physiological conditions, whereas aberrant stresses or stimu-
lus will cause mitochondrial dysfunction, subsequently lead-
ing to a series of cascade reactions (Figure 1).

2.1. Energy Metabolism, Redox, and Calcium Regulation. In
mammal cells, mitochondria are the sites of the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation (OXPHOS).
These “factories” produce energy using the electrochemical
gradient generated across the inner of two membranes by
the electron transport chain (ETC) [19]. There exists a special
mitochondrial membrane system to perform productive
work of energy. Inner mitochondrial membrane (IMM) sur-
rounds the mitochondrial matrix and takes in the electrons
produced by the TCA cycle through ETC. The ETC, located
at IMM, contains a number of proteins, for example, com-
plex I-IV, that perform the transfer and incremental release
of energy from the electrons in order to pump protons (H+)
into the intermembrane space and establish the electrochem-
ical gradient. This mitochondrial membrane potential
(Δψm) drives the process of OXPHOS, providing energy by
converting ADP to ATP [20]. Although residing in a low
oxygen tension environment, IVD cells are not entirely
anaerobic and still carry out oxidative metabolism [21, 22].

Mitochondria continuously metabolize oxygen and
meantime generate ROS. During the transportation of elec-
trons, a small part of electrons will leak and reduce oxygen
to superoxide anion (O2

-), termed “primary” ROS [23]. The

O2
- could be further converted to the “secondary” ROS

including hydrogen peroxide (H2O2) and hydroxyl radical
(OH-) via enzymatic and nonenzymatic mechanisms. The
mitochondrial-dependent ROS (mtROS) generation has
been found in multiple disc-resident cells including NP cells
of humans and rats and AF cells of humans and rats [24–27].
A proper level of ROS is fundamental to organismal physiol-
ogy and adaptive responses [28], which relies on a balance
between ROS generation and ROS scavenge by nonenzy-
matic and enzymatic antioxidants. The interruption of this
balance will induce oxidative stress that is detrimental to
the mitochondrial function and cells [29].

Mitochondria also play a vital role in regulating cellular
calcium (Ca2+) homeostasis. The cytosolic Ca2+ is taken into
mitochondria by energy-driven uniporters, while the efflux of
Ca2+ from the mitochondria is mediated by ion gradient-
driven antiporters [30]. The mitochondrial permeability
transition pore (mPTP) is a high-conductance, voltage- and
Ca2+-sensitive channel, whose opening can be transient to
physiologically allow quick release of Ca2+ and/or metabolite
exchange between the mitochondrial matrix and the cytosol
[31]. However, mitochondrial Ca2+ overload, especially when
combined with oxidative stress and/or ATP depletion, will
trigger a drastic efflux of Ca2+ through the prolonged open-
ing of mPTP, consequently causing dissipation of the Δψm,
respiratory chain uncoupling, cessation of ATP synthesis,
ROS generation, and eventually mitochondrial swelling, rup-
ture, and cell death [31].

2.2. Mitochondrial Dynamics and Mitophagy. Mitochondria
are dynamic organelles, continually undergoing fission and
fusion for regulating their number, size, and distribution
[32]. Mitochondrial fission is a multistep process allowing
the division of one mitochondrion in two mitochondria that
are controlled by proteins such as dynamin-related protein 1
(DRP1), mitochondrial fission factor (Mff), and fission 1
(Fis1) [33]. Mitochondrial fusion is the combination of two
mitochondria with the outer mitochondrial membrane
(OMM) fusion mediated by mitofusins (MFN1 and MFN2)
followed by IMM fusion, determined by optic atrophy 1
(OPA1) [34]. These balanced dynamic transitions are
required not only to ensure mitochondrial function but also
to respond to meet cellular metabolic demands and adapt
the nutrient condition [13]. In addition, mitochondrial
dynamics is engaged in repairing damaged mitochondria
[35]. If these processes fail to restore mitochondria in a
healthy state, the damaged mitochondria will be eliminated
by a selective autophagy mechanism termed mitophagy.

Mitophagy is involved in the basal mitochondrial turn-
over and quality control via the clearance of long-lived or
damaged mitochondria [36]. Different stimulus and condi-
tions induce mitophagy in distinct mechanisms. Generally,
mitophagy can be divided into Parkin RBR E3 ubiquitin-
protein ligase- (Parkin-) dependent and Parkin-
independent pathways. When mitochondria are depolarized
under various cellular stress, the PINK1 accumulates on
OMM and subsequently recruits and activates Parkin [37].
The Parkin polyubiquitylates multiple OMM proteins, which
will be recognized by LC3 adaptors, such as P62 and NDP52
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on phagophore [37]. Damaged mitochondria are engulfed by
autophagosomes to form mitophagosomes, followed by the
fusion with lysosomes for hydrolytic degradation [38]. With
regard to Parkin-independent pathways, BNIP3, NIX, and
FUNDC could directly bind the LC3 molecules decorating
the autophagosome [39]. In addition, the mechanisms of
mitophagy and mitochondrial dynamics are tightly related.
For example, the Parkin-mediated ubiquitylation of MFN is
able to promote mitochondria accessible for degradation
and prevents fusion of damaged mitochondria. The dephos-
phorylation of FUNDC1 could enhance mitochondrial fis-
sion by the disassembly of OPA1 and increasing the
interaction with DRP1 on the mitochondrial surface [39].
In physiological conditions, mitochondrial homeostasis
could be achieved through these interactive processes. How-
ever, mitochondrial fusion and fission and mitophagy could
be strongly dysregulated by various pathological stresses,
such as Δψm collapse, oxidative stress, and nutrition depriva-
tion, causing or accelerating mitochondrial dysfunction [40].

3. The Roles of Mitochondrial Dysfunction in
IVD Degeneration

It has been shown an abnormal mitochondrial morphology
with dark color, small cristae, and dense inclusion bodies,
decreased mitochondrial mass, and reinforced mitochondrial
respiration in human AF cells from degenerative discs [24].
The reduced mitochondrial respiration, Δψm, and mito-
chondrial number were also found in NP and AF cells from
aged rabbits compared with that from young rabbits [41].
These findings confirm the association between mitochon-
drial dysfunction and IVD degeneration. Importantly, the
current evidence indicates that the pathophysiological char-

acteristics of IVD degeneration primarily include oxidative
stress, senescence and death of disc cell, and ECM degrada-
tion, all of which could be, at least partly, attributed to mito-
chondrial dysfunction. We will focus on the roles of
mitochondrial dysfunction in the pathogenesis of IVD
degeneration through these pathological processes (Figure 2).

3.1. Mitochondrial Dysfunction and Oxidative Stress. The
accumulated evidence has shown that oxidative stress as a
cause and/or consequence of mitochondrial dysfunction is
one of the main drivers of aging and aging-related diseases
[42]. Excessive ROS production has also been found in
degenerative discs [43]. During the development of IVD
degeneration, there exist various exogenous stimuli, such as
mechanical loading, proinflammatory cytokines, high oxy-
gen tension, and glucose stress in the microenvironment of
IVD, inducing overproduction of ROS in disc cells [44].
Interestingly, mitochondrial dysfunction plays a core role in
all of these processes. The compression, a type of mechanical
stresses, is commonly used to mimic the pathological condi-
tion of IVDdegeneration. This stress promoted excessive
mitochondrial ROS production accompanied by increased
mPTP opening and decreased Δψm in NP cells [25, 45]. In
addition to the mechanical stress, proinflammatory cyto-
kines, including interleukin- (IL-) 1β and tumor necrosis
factor-alpha (TNF-α), increased in degenerative interverte-
bral disc, are also considered as critical contributors in the
process of IVD degeneration [46, 47]. At the cellular level,
these inflammatory mediators can trigger sustained mPTP
opening, negatively alter mitochondrial membrane potential
and ATP content, and cause aberrant mitochondrial frag-
mentation and swelling in NP cells, leading to mitochondrial
dysfunction and ROS overproduction [46, 48, 49]. Previous

Figure 1: The occurrence of mitochondrial dysfunction in IVD cells. Mitochondrial dysfunction in IVD cells primarily originates from the
effects of aberrant microenvironment within the disc including mechanical compression, proinflammatory cytokines, oxidative stress,
nutrition deprivation, and high glucose. These pathological conditions induce ATP depletion, mtROS overproduction, Ca2+ imbalance,
loss of Δψm, and impairment of mitochondrial quality control, involved in multiple cellular events.
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studies have reported a higher incidence of degenerative disc
diseases in patients with diabetes mellitus (DM) than in non-
diabetic patients, and the accumulation of advanced glyca-
tion end products (AGEs) was potentially involved in DM
and other age-related diseases [50, 51]. Some researchers
work on this topic and found that high glucose could also dis-
rupt Δψm and enhance ROS generation in rat NP cells, AF
cells, and CEP cells [27, 52–54]. In addition, it was reported
that the accumulation of AGEs in NP tissues could induce
mitochondrial dysfunction and an oxidative microenviron-
ment, which was also closely correlated to IVD degeneration
[55, 56]. The above studies suggest the pathological stimulus
and stresses in the microenvironment of IVD contribute to
mitochondrion dysfunction and oxidative stress, implicated
in the pathogenesis of IVD degeneration.

Mitochondria are not only the main cellular source of
ROS; they are also susceptible to oxidative injury [57]. When
stimulated by exogenous ROS, hydrogen peroxide, mito-
chondria in disc cells lose their ATP content, transmembrane
potential, which induce the release of mtROS [58–60]. The
ROS-induced mitochondrial dysfunction is able to further
promote ROS generation, resulting in a feed-forward vicious
cycle between ROS and mitochondria that causes a series of
signaling cascades and oxidative damage [61].

3.2. Mitochondrial Dysfunction and Senescence. Cellular
senescence is a permanent state of growth arrest character-
ized by the chronic elevated secretion of proinflammatory
cytokines and matrix proteases, namely, senescence-

associated secretory phenotype (SASP) [62]. Senescent cells
have been found to be increased with age and degeneration
of human IVD [63, 64]. Interestingly, senescence of IVD cells
is one of the cascade events of mitochondrial dysfunction
[65]. As reported, the mitochondria’s role in senescent pro-
cess was closely associated with overproduction of ROS that
initials the related signaling networks to facilitate the senes-
cent phenotype [66]. Specifically, a severe ROS production
induced by H2O2 further activates the ATM-Chk2-p53-
p21-Rb pathway to enhance DNA damage and the accumu-
lation of senescence-associated β-galactosidase, driving
senescence of human NP cells [58, 67]. In addition to NP
cells, mitochondrial ROS-induced senescence was also found
in human CEP cells, mediated by the p53-p21-Rb pathway
[68]. Not only that, the impaired mitochondrial function
and ROS generation is also involved in the senescence of
IVD cells under other pathological conditions including pro-
inflammatory cytokines, mechanical compression, aging-
related proteins, and high glucose [27, 48, 69, 70]. It was
reported that the aberrant mitophagy caused by continuous
compression could accelerate the senescence of NP cells,
which we will discuss later [70]. Taking together, mitochon-
drial dysfunction is a major cause of cell senescence, and
maintenance or recovery of mitochondrial function in IVD
cells is important to mitigate cell senescence.

3.3. Mitochondrial Dysfunction and Apoptosis. The loss of
IVD cells in the form of apoptosis is a key factor of IVD
degeneration [71–73]. Mitochondrial-dependent apoptosis

Figure 2: The role of mitochondrial dysfunction in the pathogenesis of IVD degeneration. The dysfunctional mitochondria could cause a
series of cascade reactions, leading to increased oxidative stress, senescence, apoptosis, and ECM catabolism of disc cells, involved in the
pathology of IVD degeneration.
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is one of the apoptotic pathways and most studied in the pro-
gression of IVD degeneration [74]. This apoptotic pathway
requires mitochondrial outer membrane permeabilization
(MOMP) driven by effector proapoptotic members of the B
cell lymphoma 2 (BCL-2) family of proteins for the release
of cytochrome c into the cytosol and further activating cas-
pase (caspase3, 9) that leads to cell death [75]. The initiation
of the above process heavily relies on the alteration of mito-
chondrial function, including elevated ROS production, the
opening of mPTP, and mitochondrial fission, which have
been confirmed in the apoptotic process of IVD cells induced
by various pathological conditions. For example, H2O2
induced mitochondrial-dependent apoptosis through inhi-
biting the activity of complex III, decreasing the ATP levels
and Δψm in AF cells [76]. IL-1β reduced Bcl-2/Bax ratio
and enhanced cytochrome c released from the mitochondria
to the cytosol, which proved mitochondrial-mediated apo-
ptosis was induced in NP cells. The similar apoptotic process
in disc cells was also found under the conditions of nutrient
deprivation [77, 78], high glucose [52], and AGE accumula-
tion [79]. In addition, compression elicited a time-
dependent mitochondrial dysfunction, evident by Δψm loss,
mPTP opening, ATP depletion, and elevated mtROS, eventu-
ally leading to apoptosis [25] together with necroptosis in NP
cells [80]. Chen et al. found that RIPK1 mediated this process
of cell death during compression injury [80]. In short, these
important pathogenic factors share similar mitochondrial-
dependent apoptotic mechanism, further confirming the core
role of mitochondrial dysfunction in cell apoptosis and IVD
degeneration. It should be noted that some molecules have
recently been demonstrated to involve in mitochondrial-
dependent apoptosis in disc cells. Islet amyloid polypeptide
(IAPP) is a polypeptide mainly participating in the regulation
of glucose metabolism [81]; its expression was considerably
decreased with the progression of IVD degeneration, and
downregulated IAPP has a detrimental effect on AF cell sur-
vival through increasing cellular Ca2+ concentration, ROS,
and apoptosis [82]. Acid-sensing ion channel 1a, a receptor
of protons, also functions in CEP cells, allowing the influx
of Ca2+ and triggering Ca2+-mediated apoptotic signals
[83]. These molecules give a novel and wide insight into the
mitochondrial pathway of apoptosis in degenerative disc
cells.

3.4. Mitochondrial Dysfunction and ECM Metabolism. ECM
degradation is a hallmark of IVD degeneration. The degener-
ation, driven by increased proteolysis of matrix components
including aggrecan and type II collagen mediated by cata-
bolic enzymes, like matrix metalloproteinases (MMPs) and
a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS), is closely correlated to mitochondrial
dysfunction in IVD cells [84]. On the one hand, anabolism
of ECM requires ATP for providing energy [85] while mito-
chondrial dysfunction, showing ATP depletion, indeed
reduces the anabolic process in IVD cells [69, 86]. On the
other hand, the mitochondrial-mediated ROS generation
could significantly interrupt the metabolism of ECM. A
number of studies showed reduced expression of aggrecan
and type II collagen while increased expression of MMP13

in human and rat disc cells exposed to exogenous H2O2
[67, 87, 88]. Moreover, the ROS accumulation induced by
mechanical compression and proinflammatory cytokines is
associated with matrix degradation [48, 89]. The excessive
ROS not only is able to directly cause the oxidative damage
of anabolic-related DNA and proteins but also acts as signal-
ing messengers of NF-?B, nuclear factor, erythroid 2-like 2
(Nrf2)/HO-1, AKT, and mitogen-activated protein kinase
(MAPK) pathways that affect the expression of ECM meta-
bolic markers [67]. However, some pathological factors,
especially for proinflammatory cytokines, could directly reg-
ulate the above signaling pathways, contributing to the
inflammation-mediated ECM degradation in human and
rat disc cells [90–92]. Taken all the results into account,
although the molecular mechanism of ECM degradation is
complicated, mitochondria, as a hub of multiple signal trans-
duction, play a crucial role in this process. Impaired mito-
chondria are prone to drive the cascade reactions to
promote matrix degradation and structure loss in IVD.

3.5. The Roles of Mitochondrial Energy Metabolism in IVD
Degeneration. Maintenance of the ECM in the IVD is a high
energy demanding process that requires glucose and oxygen
consumption to produce ATP [22]. However, ATP content
has been found decreased in degenerative disc under some
pathological conditions [69, 76], and age-related decline in
disc cellular bioenergetics has been considered as a contribu-
tor to the matrix degradation [93]. The previous study
revealed a profound increase in glycolysis, altered mitochon-
drial morphology, and lower membrane potential but no
change in mitochondrial respiration in AF cells from older
rabbits [41]. In contrast, NP cells from older rabbits showed
a significant decrease in OXPHOS without a concomitant
increase in glycolysis, and it also exhibited a significant loss
in maximum respiratory capacity and bioenergetic reserve
[41], which may cause protein damage and cell death [94].
These limited mitochondrial capacities could hamper matrix
repair or cellular stress responses. On the other hand, exoge-
nous ATP could significantly promote ECM deposition and
corresponding gene expression (aggrecan and type II colla-
gen) in NP cells and AF cells in three-dimensional agarose
culture [85].

These findings indicate that normal metabolism of
energy is essential for ECM homeostasis, while age-related
disc cell mitochondrial and bioenergetic changes might con-
tribute to the loss of matrix homeostasis that underlay disc
degeneration. However, it is important to note that the
results of cell culture should be confirmed in vivo.

3.6. The Roles of Mitochondrial Dynamics and Mitophagy in
IVD Degeneration. The recent evidence revealed that imbal-
anced mitochondrial dynamics and mitophagy are impli-
cated in various age-related diseases including Alzheimer’s
disease, osteoarthritis, and IVD degeneration [45, 95–97].
Disturbed mitochondrial dynamics occurs in response to
abnormal stresses and directly impacts mitochondrial func-
tion in disc cells. Recent studies have demonstrated that oxi-
dative stress enhanced mitochondrial fission events and,
meantime, impaired fusion events [59]. Additionally,
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compared to control cells, Mff and Fis1 protein levels were
significantly upregulated, while MFN1, MFN2, and OPA1
protein levels were reduced in compression-treated NP cells
[45]. Furthermore, blocking mitochondrial fission by mito-
chondrial division inhibitor 1 (mdivi-1) inhibited the elevated
mitochondrial impairment, ROS generation, and apoptosis
induced by compression treatment [45]. Mitochondrial fission
also mediates programmed necrosis of NP cells. mdivi-1 and
knockdown of DRP1 prevented the compression-induced
programmed necrosis of NP cells by enhancing mitochondrial
translocation of p53 and nuclear translocation of apoptosis-
inducing factor (AIF) [98]. MitoQ is a mitochondrial-
targeted antioxidant that can rescue the oxidative damage
and imbalance between mitochondrial fission and fusion
induced by compression in human NP cells, while the benefi-
cial effects of MitoQ could be partially repressed by an agonist
of mitochondrial fission, FCCP [45]. Actually, mitochondrial
fusion is also indispensable for autophagic flux and mitochon-
drial function in NP cells. Chen et al. found that MFN2 defi-
ciency contributed to IVD degeneration due to its
impairment on mitochondrial function and mitophagy. Fur-
thermore, overexpression of MFN2 can attenuate oxidative
damage of NP cells and the development of IVD degeneration
in rats through the activation of PINK1/Parkin-mediated
mitophagy [99]. Collectively, these studies demonstrate the
importance of balanced mitochondrial dynamics in the main-
tenance of mitochondrial homeostasis and NP cell survival.
The active mitochondrial fission promotes the separation of
dysfunctional and even healthy mitochondria for their degra-
dation through mitophagy. Several studies have shown that
mitophagy is activated in degenerative disc cells [26, 83, 84].
Given that the initiation of mitophagy is commonly caused
by loss of Δψm, hypoxia condition, and overproduced ROS,
it is not surprising that pathological factors, including oxida-
tive stress, mechanical compression, and TNF-α, are prone
to induce mitophagy in disc cells [49, 70, 100]. So here comes
the question, what is the role of mitophagy in mitochondrial
dysfunction and the progression of IVD degeneration. On
the one hand, mitophagy is considered a protective mecha-
nism owing to its clearance of damaged mitochondria. Several
laboratories revealed that inhibition of PINK1-Parkin-
mediated mitophagy aggravated TNF-α or oxidative stress-
stimulated mitochondrial dysfunction and apoptosis of disc
cells, whereas the activated mitophagy induced by its activa-
tors such as melatonin and urolithin A could protect disc cells
from apoptosis and retard IVD degeneration in vivo [88, 101].
On the other hand, it was reported that suppression of
PINK1/Parkin-mediated mitophagy by a mitophagy inhibitor,
cyclosporin A (CsA), or PINK1 knockdown attenuated the
compression-induced senescence of NP cells [70]. Moreover,
CsA exerted a protective role in oxidative stress-induced apo-
ptosis of NP cells [102]. These results indicate continuous
pathological stress might induce inordinate mitophagy with
an excessive clearance of mitochondria which accelerates the
damage of NP cells. Taken together, the role of mitophagy in
cell survival and function is possibly dependent on the mito-
phagy level under the pathological conditions. The differential
roles of mitophagy in degenerative disc cells and in vivo stud-
ies need further investigation.

4. Therapeutic Strategies to Target
Mitochondrial Dysfunction

The emerging evidence implies that mitochondrial dysfunc-
tion plays a central role in the pathophysiology of IVD
degeneration. The involvement of mitochondrial dysfunction
in IVD degeneration also represents an attractive target for
its therapies. Accordingly, following strategies focusing on
the improvement of mitochondrial function, attenuation of
mitochondrial dysfunction, and the elimination of damaged
mitochondria might be beneficial for the IVD degeneration
(Figure 3).

4.1. Targeting ROS. Numerous studies have shown that a
wide range of antioxidants exerts a significant protective role
in degenerative IVD cells and animal models. N-
acetylcysteine (NAC) is a well-known ROS scavenger that
can, directly and indirectly, enter the cell and react with glu-
tamic acid and glycine to generate intracellular glutathione
[103]. It has been widely reported that NAC attenuates pre-
mature senescence, autophagy, and apoptosis in disc cells
by decreasing the level of mtROS [67, 104, 105]. Moreover,
the oral administration of NAC suppresses oxidative stress,
inflammation, and matrix catabolism in rat discs to mitigate
IVD degeneration [105]. Hydrogen sulfide (H2S), a gaseous
signaling messenger, has attracted attention for its biological
functions [106]. Several studies have shown that H2S can
readily scavenge ROS at higher rates than other classic anti-
oxidants [107], and exogenous H2S has demonstrated pro-
found antioxidant and cytoprotective capabilities in
physiologic systems exposed to ROS [108]. H2S also plays a
protective role in degenerative NP cells and in the rat model
of IVD degeneration induced by needle puncture, and the
underlying mechanism involves inhibitory effect of H2S on
mitochondrial dysfunction and endoplasmic reticulum stress
in IL-1β-induced NP cells [46]. Considering the powerful
antioxidative property of H2S, it is likely that H2S could
repress the generation of ROS to protect against IVD
degeneration.

In addition, some natural compounds with antioxidative
properties have been demonstrated to be beneficial for mito-
chondrial function of IVD cells and IVD degeneration. Kin-
senoside (3-(R)-3-β-D-glucopyranosyloxybutanolide) is a
bioactive monomer extracted from the Anoectochilus roxbur-
ghii [109]. This compound exerts its therapeutic potential
through alleviating IVD degeneration in a puncture-
induced model and protecting NP cells against mitochon-
drial dysfunction, senescence, and apoptosis under oxidative
stress in an Nrf2-dependent way [110]. In line with kinseno-
side, other natural compounds, such as epigallocatechin 3-
gallate (EGCG), resveratrol, icariin, and polydatin, also have
shown promising effects at cellular levels and/or animal
models of this disease [58, 111–113]. These agents propose
more choices for new drug development. Recently, antioxi-
dant compounds incorporating ubiquinone (MitoQ) or
TEMPO (Mito-TEMPO) specifically targeted to mitochon-
dria have been successively used against mitochondrial dys-
function [114]. MitoQ consists of coenzyme Q10 and a
TPP cation that can easily accumulate in the mitochondria,
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thereby making it more powerful in preventing mitochon-
drial oxidative damage than untargeted antioxidants [115].
Actually, MitoQ restores mitochondrial function, eradicates
oxidative insults, and promotes the survival of human NP
cells under pathological condition [45], suggesting that
MitoQ might serve as an effective therapeutic agent for
IVD degeneration. Like MitoQ, Mito-TEMPO is also a
mitochondrial-targeted antioxidant and protects NP cells
against oxidative damage [60]. MitoVitE is another
mitochondrial-targeted antioxidant. However, there is no
evidence about its effects on degenerative IVD. Given its dra-
matic properties of antioxidation and antiapoptosis in multi-
ple age-related diseases [116, 117], MitoVitE also deserves to
be further studied and developed as a potential drug in IVD
degeneration.

4.2. Targeting Mitophagy. Regulating mitophagy presents as
an effective approach due to the involvement of impaired
mitophagy in the development of IVD degeneration. Increas-
ing Parkin-mediated mitophagy by using salidroside has
been shown to eliminate impaired mitochondria and pro-
mote the survival of NP cells under TNF-α treatment. Sali-
droside also ameliorated the apoptosis of NP cells and the
progression of IVD degeneration [49]. Urolithin A and mel-
atonin have been widely studied in various diseases owing to
their dramatic role in inducing mitophagy [118, 119]. There-
fore, it is not surprising that both compounds could effec-
tively alleviate cellular oxidative damage and the
progression of puncture-induced IVD degeneration in rats
[88, 101]. These evidences indicate Parkin-mediated mito-
phagy as a potential therapeutic target for IVD degeneration.

As mentioned above, there might exist dual roles of mito-
phagy with the development of IVD degeneration. Several

groups have found that the suppression of excessive mito-
phagy displays a positive effect in preclinical experiments.
Xu et al. found that oxidative stress induced apoptotic cell
death via mitophagy while inhibiting mitophagy by CsA pro-
tected AF cells against apoptosis [102]. And they further
found that repression of mitophagy could also alleviate the
apoptosis of NP cells [120]. In addition, another study
reported that CSA and PINK1 knockdown inhibited
PINK1/Parkin-mediated mitophagy, thereby rescuing the
senescence of NP cells under the treatment of compression
[70]. These results imply that the excessive mitophagy in disc
cells is deleterious and might be a target for therapeutic inter-
vention. However, the changing roles of mitophagy during
the development of IVD degeneration are not fully clarified.
For better therapeutic applications that target mitophagy, it
is necessary to elaborate the definite role of mitophagy in
IVD at different pathophysiological stages and proper time
window of therapeutic intervention in further studies.

4.3. Targeting Molecules and Signaling. Mitochondrial
homeostasis is precisely regulated by signaling networks,
among which some molecules present therapeutic potential
as pharmacologic targets. As previously described, the level
of progerin is elevated in degenerated human NP tissues
and the accumulated progerin is involved in the pathogenesis
of IVD degeneration. Sulforaphane was demonstrated to
show a remarkable ability to modulate the progerin level
and mitochondrial homeostasis, and consequently, this com-
pound alleviated progerin-induced IVD degeneration [69].
Previous studies have exhibited that vitamin D via its recep-
tor (VDR) can effectively scavenge free radicals to protect cell
mitochondria [121]. A recent study showed that the expres-
sion level of VDR was significantly reduced in the disc of

Figure 3: The therapies that target mitochondrial dysfunction. According to the role of mitochondrial dysfunction in IVD degeneration,
multiple therapeutic agents that function on the improvement of mitochondrial function, attenuation of mitochondrial dysfunction, and
the elimination of damaged mitochondria might be beneficial for the IVD degeneration.
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aged rats and severe degenerative discs. However, activation
of VDR by 1,25(OH)2D3 successfully preserved mitochon-
drial function and ameliorated oxidative stress-induced apo-
ptosis of AF cells, providing a novel insight into the
treatment of IVD degeneration [76].

Growing shreds of evidence have demonstrated that sir-
tuins (SIRTs) are essential for every aspect of mitochondrial
biology, including energy metabolism, ROS detoxification,
mitochondrial dynamics, and mitophagy [122]. Miyazaki
et al. reported that administration of recombinant human
SIRT1 (rhSIRT1) exhibited a protective effect on nutrient
deprivation-induced mitochondrial-dependent apoptosis in
human NP cells, suggesting that rhSIRT1 may be a potent
treatment agent for IVD diseases [77]. In addition, activated
SIRT3 through adenosine monophosphate-activated protein
kinase (AMPK) and peroxisome proliferator-activated recep-
tor-γ coactivator 1α (PGC-1α) pathway enhances mitochon-
drial function, mitochondrial antioxidant capacity, and
mitochondrial dynamics, thereby attenuating AGEs or oxi-
dative stress-induced apoptosis and senescence of NP cells
and IVD degeneration in vivo [59, 79]. It is noteworthy that
these functions of SIRT3 can be promoted by honokiol and
nicotinamide mononucleotide (NMN) [59, 79], which pro-
vide available activators of SIRT3 and make SIRT3 possible
to delay IVD degeneration as a target. Nrf2 is a master tran-
scription factor that regulates cellular redox state and mito-
chondrial function [123]. In a mouse model of IVD
degeneration, the Nrf2-knockout mice showed more severe
degenerative changes in IVD than those in wild-type mice
[124], and knockdown of Nrf2 accelerated H2O2-induced
damage of mitochondria and CEP cell [60]. Furthermore,
some phytochemicals including polydatin, kinsenoside, and
icariin were proved to protect IVD cells from mitochondrial
dysfunction and apoptosis through activating Nrf2 signaling
[48, 110, 113]. These findings confirm the essential role of
Nrf2 signaling in cellular homeostasis of the disc and high-
light it as an effective therapeutic target in the management
of IVD degeneration.

5. Conclusion

Mitochondrial functions, mainly including energy metabo-
lism, redox, and calcium regulation, are altered in the degen-
erative disc. Mitochondrial dysfunction in IVD cells
primarily originates from the effects of aberrant microenvi-
ronment within the disc including mechanical compression,
proinflammatory cytokines, oxidative stress, nutrition depri-
vation, and high glucose. The dysfunctional mitochondria
along with impaired mitochondrial quality control are prone
to cause a series of cascade reactions, leading to ROS over-
production, senescence, apoptosis, and ECM catabolism of
disc cells, involved in the pathology of IVD degeneration.
Based on this, the therapies that target the mtROS, mito-
phagy, and relative molecules and signaling are promising
for IVD degeneration, which extensive evidence has been
demonstrated in preclinical experiments. However, these
therapeutic approaches were studied in a certain in vitro con-
dition or animal model of IVD degeneration that cannot
completely represent the pathophysiology of IVD degenera-

tion in humans. Moreover, some topics, such as the role of
mitophagy in the degenerative disc, are still controversial.
For the earlier and better clinical intervention by targeting
mitochondrial dysfunction, it will be necessary to verify these
therapeutic approaches in more animal models and clinical
studies.
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Intervertebral disc degeneration (IDD) is a globally occurring disease that represents a significant cause of socioeconomic problems.
Currently, the main method for treating IDD is surgery, including discectomy and vertebral fusion. Several in vitro experiments
demonstrated that platelet-rich plasma (PRP) could stimulate cell proliferation and extracellular matrix regeneration.
Additionally, in vivo experiments have proven that PRP injection could restore intervertebral disc height. Clinical studies
demonstrated that PRP injection could significantly relieve patient pain. However, further studies are still required to clarify the
roles of PRP in IDD prevention and treatment. This review is aimed at summarizing and critically analyzing the current
evidence regarding IDD treatment with PRP.

1. Introduction

Intervertebral disc degeneration (IDD) is becoming a seri-
ous medical and social problem. The global prevalence of
IDD exceeds 60% and is higher in men and older adults
[1], which results in high costs for society. During prog-
ress of IDD, dehydration of the nucleus pulposus, annulus
fibrosus tears, fracture of the cartilage endplate, and
release of inflammatory factors occur. IDD then leads to
lumbar disc herniation and discogenic pain, which cause
low back pain, and may severely affect spinal extension
and flexion. Because of the avascular tissue structure of
the intervertebral disc (IVD) with a poor self-healing
capacity, oral medication is generally ineffective. Current
IDD treatment methods mainly include bed rest, physical
therapy, epidural injections, surgical decompression, disc
replacement, and disc fusion [2]. Additionally, bioactive
agents have attracted considerable attention because of
the limited damage caused in their application, in which

the basic principle of IDD treatment is to delay or even
reverse the trend of IDD through the activity of the
agents’ components.

Many bioactive agents are currently applied to treat IDD,
with most direct treatment strategies for reversing IDD
involving the injection of active agents. Platelet-rich plasma
(PRP) is particularly attractive because of the high concen-
tration of platelets that releases a variety of multifunctional
growth factors (GFs) when activated and has been widely
used to repair various avascular tissues, including but not
limited to bones, cartilages, muscles, and tendons, and may
represent a new strategy for IDD biotherapy [3, 4].

2. IVD and IDD

Anatomically, the IVD comprises a central highly hydrated
nucleus pulposus (NP), a peripheral thin layer of the annulus
fibrosus (AF), and upper and lower cartilage endplates
(CEPs) [5]. Histologically, the NP mainly comprises water
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and a low density of notochord and NP cells and the extracel-
lular matrix (ECM). The ECM mainly comprises collagen II
(COL II), elastin, fibers, and numerous proteoglycans espe-
cially aggrecan (ACAN) with negative charge. Physiologi-
cally, the hydrated NP can absorb the compressive pressure
of the spine. The AF mainly comprises COL I as a lamellar
ring structure of approximately 15–25 layers outside the
NP, and the outer AF layer comprises fibroblasts with a neu-
rovascular distribution, in which the nerves comprise spinal
sensory and postganglionic sympathetic fibers [6]. The CEPs
are located at both sides of the IVD and comprise a layer of
horizontal hyaline cartilage, where nutrients and oxygen
enter the IVD by free diffusion.

IVD homeostasis is a complex pathway, in which the fac-
tors associated with IDD are mainly genetic and environ-
mental. The genes associated with IDD mainly include
three types: (1) genes affecting intervertebral disc structure
(ACAN, COL, etc.), (2) genes of metabolic enzymes affecting
IVD metabolism (including matrix metalloproteinases
[MMPs], cyclooxygenase- [COX-] 2, and tissue inhibitor of
matrix metalloproteinases), and (3) inflammation-related
genes (including interleukin- [IL-] 1 and IL-6). Changes in
expression of these genes may affect homeostasis of the
IVD. Furthermore, environmental factors, including
repeated mechanical stimulation, poor nutritional supply,
deficiencies of oestrogen, and other definite risk factors
including obesity, cigarette smoking, and atherosclerosis
may affect homeostasis of IVD, which could contribute to
IDD [7]. In the early stages of IDD, the content of ACAN
and other proteoglycans initially falls. This decrease leads to
NP dehydration and atrophy, which alters the NP biome-
chanics. In advanced cases, the AF will directly bear the lon-
gitudinal pressure. The structure of the AF means that it is
more resistant to tension than compressive pressure,
resulting in a decrease in intervertebral disc height. At
the same time, anabolism and catabolic homeostasis of
the matrix are disrupted. This process is accompanied by
cellular senescence and morphological changes associated
with the aging of cells, reduced secretion of matrix pro-
teins, and possible secretion of inflammatory factors. This
could then lead to an inflammatory reaction, which fur-
ther exacerbates progression of IDD. MMP-1, MMP-3,
and MMP-13, a disintegrin-like and metalloproteinase
with thrombospondin motifs (ADAMTSs), and enzymes
that promote catabolism are highly expressed in the
degenerated disc. Additionally, COX-2, which may be the
cause of pain, is highly expressed. Pigment accumulation
in the NP makes it more difficult to distinguish it from
the AF, and the NP cell density is simultaneously reduced.
These degenerative changes directly lead to a weakening of
the mechanical function of the IVD, which in turn leads
to structural deformation, disc height loss of the IVD, seg-
mental instability of the spine, and ultimately structural
damages, including the AF tearing and NP protrusion,
resulting in discogenic pain [8] .

Reactive oxygen species (ROS) are a family of unstable
and highly reactive molecules with or without free radicals.
ROS are inevitably produced through the oxygen-using met-
abolic processes of IVD cells residing in an environment of

low oxygen tension. Excessive ROS cause oxidative stress,
which activates various signaling pathways in disc cells,
including the NF-κB pathway, deteriorating the viability
and function of disc cells [9]. Injury to IVDs can also cause
inflammation-driven ROS production and result in neovas-
cularization and exposure of the otherwise hypoxic resident
cells to higher oxygen tension [10].

In summary, oxidative stress induces damage of micro-
environmental homeostasis and promotes degradation of
the matrix in IVDs. Consequently, a significant loss of elastic-
ity and the normal structure and biomechanical properties of
the disc matrix causes IDD.

3. PRP

PRP is an autologous blood concentrate that can release
abundant α particles containing high concentrations of pro-
liferation- and differentiation-promoting GFs and has been
widely used in oral surgery and orthopedics [11]. Different
equipment and preparation methods may lead to different
cells and types of cytokines and their concentrations in
PRP. Dohan Ehrenfest et al. [12] defined PRP in four catego-
ries according to the content of leukocytes and fibrins: pure
PRP (P-PRP), leukocyte-rich PRP (L-PRP), leukocyte
platelet-rich fibrin, and pure platelet-rich fibrin. Because
PRP is one component of the autologous plasma, it has the
following advantages: (1) in principle, immune rejection does
not occur; (2) it avoids the spread of diseases; and (3) it can
be readily prepared by centrifugation, which is much cheaper
than recombinant GFs. Furthermore, the main components
of PRP are GFs, inflammatory cells, and adhesion molecules.
GFs mainly include platelet-derived growth factor, trans-
forming growth factor-β (TGF-β), vascular endothelial
growth factor (VEGF), and epithelial growth factor. The
published experimental results have proven that PRP can
promote angiogenesis, cell proliferation, and collagen syn-
thesis, thereby repairing damaged tissues, including ten-
dons, ligaments, cartilage, and other avascular tissue with
a low self-healing ability. Notably, PRP may be effective
in repairing a patient’s atrophic multifidus and com-
pressed nerve roots [13–15]. Inflammatory cells in PRP
are mainly leukocytes, and L-PRP may promote regenera-
tion of cartilage and has a strong bactericidal effect. There-
fore, PRP has promising prospects in the treatment of
osteoarthritis, especially via augmented anti-inflammatory
effects, antioxidative chondrocyte proliferation, inhibited
MMP-1 activity, and calcification of the matrix [15, 16].
Furthermore, studies have shown that adhesive proteins
(fibrin, fibronectin, and vitronectin) in PRP, which can
serve as a carrier for stem cells and as tissue-engineering
scaffolds, play a role in promoting stem cell therapy with
good prospects for application [17].

4. In Vitro Study of the PRP Repair Function

More than 10 years of research on PRP has gradually
demonstrated its potential therapeutic effect for IDD.
Many in vitro studies explored how PRP functioned. In
2006, Akeda et al. [18] applied PRP to intervening porcine
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IVD cells (NP and AF cells) and reported that PRP soluble
releasate had a mild stimulatory effect on IVD cell prolif-
eration and increased the synthesis of proteoglycans and
collagen, whereas platelet-poor plasma (PPP) had no
effect. Additionally, PRP displayed stronger stimulative
effects in the AF compared with the NP. Chen et al. [19]
conducted research on the TGF-β1 in PRP and designed
a concentration gradient of TGF-β1 in PRP to stimulate
human NP (hNP) cells. The result showed that PRP
enhanced matrix gene expression (COL II and ACAN)
and proteoglycan accumulation compared with the PPP
intervention group and the control group. Additionally,
they demonstrated what the optimum PRP concentration
was when it contained 1ng/ml TGF-β1. Furthermore, they
proved that the PRP’s regeneration effects were via the
Smad2/3 pathway phosphorylation. Several years later, a
further study of Chen et al. [20] considered the entire
IVD ex vivo. Porcine IVDs were digested using chymopa-
pain. At 2 weeks after the administration of 10% porcine
PRP, mesenchymal stem cells (MSCs), or 10% PRP and
MSCs, decreased apoptosis was found and NP cell viability
was promoted in this ex vivo IVD system. COL II and
ACAN mRNA expression was significantly upregulated,
and ECM synthesis was promoted. Additionally, they
demonstrated that PRP could direct MSC differentiation
into chondrocytes. Pirvu et al. [21] compared the effects
of different PRP and platelet lysate (PL) concentrations
on bovine AF cells. They confirmed that both PRP and
PL were able to increase cell proliferation and glycosami-
noglycan accumulation in monolayer culture systems and
maintain the spherical shape of cells in whole-disc organ
culture. When using PRP or PL for an in vivo defect site,
PRP was better than PL for the formation of a stable bio-
logical sponge for absorbing and storing some small mol-
ecules that regulated tissue regeneration.

In 2016, Yang et al. [22] also considered TGF-β1 and
tested the effects of PRP originating from rabbits. They found
that PRP stimulated COL II, ACAN, and Sox-9 gene expres-
sion, suppressed COL X gene expression, and displayed the
ability to stimulate NP cell proliferation. Additionally, they
found that 2.5% PRP was the optimum concentration for
NP cell stimulation, which was inhibited by a TGF-β1 inhib-
itor or a Smad2/3 signaling pathway inhibitor. Inhibiting
TGF-β1 signaling significantly prevented the NP cellular
expression of Smad2/3 and matrix protein. Nikkhoo et al.
[23] reported that with PRP, IDD was able to recover its
mechanical properties. Studies have shown that PRP could
promote the proliferation of bone marrow NP stem cells,
producing an optimal effect when applied at 10%. PRP has
the ability to induce undifferentiated MSCs to express chon-
drocyte phenotype markers, including COL II and ACAN,
while reducing the expression of stem cell markers. It also
plays an important role in the differentiation of adipose-
derived stem cells into NP cells [24–27].

Some researchers studied another mechanism for the
treatment of IDD with PRP, namely, the anti-inflammatory
effect. In 2014, Kim et al. [28] used the combination of IL-
1β and tumor necrosis factor- (TNF-) α on immortalized
hNP (ihNP) cells and demonstrated upregulated MMP-3

and COX-2 expression, whereas ACAN and COL II expres-
sion was suppressed. Subsequently, they applied PRP,
whereby the NP cells recovered the downregulated COL II
and ACAN gene expression, reduced the increased MMP-3
and COX-2 gene expression, and suppressed cytokine-
induced proinflammatory degrading enzymes and media-
tors. In 2014, Liu et al. [29] used lipopolysaccharides to
induce an inflammatory condition in ihNP cells. There were
changes similar to IDD. Sox-9, COL II, and ACAN expres-
sion on culture with PRP in two dimensions were strongly
upregulated, and the inflammatory factors, including IL-1β,
TNF-α, and MMP-3, were absent. In 2016, Cho et al. [30]
applied TNF-α to treat porcine AF cells and found that
MMP-1 was induced by TNF-α. Then, with cocultivation
by PRP, they came to a conclusion that PRP upregulated
COL II and ACAN gene expression and inhibited MMP-1
expression.

Other opinions have been presented regarding the effects
of PRP. High leukocyte concentrations in L-PRP may
increase the levels of proinflammatory factors (the major
components were IL-1β and TNF-α) and exacerbate the deg-
radation of ECM. Yin et al. [31] also demonstrated that IL-1β
and TNF-α from L-PRP could activate the NF-κB signaling
pathway and promote prostaglandin E2 and nitric oxide pro-
duction, resulting in inhibited tissue regeneration.

Wang et al. [24] demonstrated that L-PRP treatment of
NP-derived stem cells significantly upregulated the expres-
sion of the inflammatory genes IL-1β and TNF-α and pro-
moted catabolism. The authors believed that leukocyte
exclusion from PRP might effectively prevent the activation
of the NF-κB signaling pathway.

Jia et al. [25] used P-PRP or L-PRP to treat rabbit NP
MSCs (NPMSCs) in vitro. The results showed that P-PRP
decreased the expression of stem cell markers and stimulated
differentiation into NP-like cells. Additionally, P-PRP had a
dose effect on NPMSCs, with the maximum proliferation at
10%. Because L-PRP has significantly higher TNF-α and IL-
1β concentrations, it induced differentiation of NPMSCs,
upregulated TNF-α and IL-1β expression, enhanced activa-
tion of the NF-κB pathway, and increased MMP-1 and
MMP-13 expression. Inflammation and catabolic reactions
resulted in reduced ECM production in differentiated
NPMSCs while P-PRP did not activate the NF-κB pathway.

Conversely, Mietsch et al. [32] put forward different
views in 2013. They reported that while PRP administration
had stimulatory effects on cell proliferation in cultured
NPC and MSC cultures, gene expression of chondrogenic
markers (ACAN, COL II, COL I, and Sox-9) was consider-
ably lower compared with TGF-β1, and matrix protein depo-
sition was weaker. Therefore, they did not recommend PRP
to be applied in hNP tissue-engineering because of a probable
lack of an effective activator.

Hondke et al. [33] conducted a study on the proliferation,
migration, and ECM formation of early AF cells having Pfirr-
mann grades 2–3 and advanced AF cells having Pfirrmann
grades 4–5 from the degenerative tissue. They reported that
5% PRP was the optimum concentration for cell migration,
while COL I expression was decreased at this PRP concentra-
tion. Therefore, these authors were unable to conclude
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whether an AF-like ECM could be formed after stimulation
by PRP. In summary, 5% PRP has an optimal chemotactic
effect, but COL I expression in AF cells is significantly
decreased. The authors believed that PRP treatment inhibits
matrix formation of the AF.

In conclusion, in vitro, PRP was effective in stimulat-
ing IVD cell proliferation and ECM metabolism. The anti-

apoptotic and anti-inflammatory effects of PRP might
contribute to disc repair and symptom relief in IDD
patients in an early stage. Some mechanisms for PRP
treatment of IDD, including the Smad pathway, were
proposed over time and a direction for future research is
of PRP promotion of MSC differentiation into NP cells
(Table 1).

Table 1: In vitro effects of PRP on IVD cells.

(a)

Year Study System used to obtain PRP Type of cells Dose

2006 Akeda et al. [18] SYMPHONY Porcine IVD NP cell AF cell 10% PRP, 10% PPP

2006 Chen et al. [19] Centrifuged hNP PRP (defined as TGF-β1 equivalent)

2009 Chen et al. [20] Centrifuged
Porcine IVD organ induced

with chymopapain
10% porcine PRP

2013 Mietsch et al. [32] Centrifugation and double filtration hNP MSC 10% PRP MSC

2014 Kim et al. [28] GPS III System hNP 5%, 10% PRP

2014 Liu et al. [29] Not declared ihNP PRP (defined as TGF-β1 1 ng/ml equivalent)

2014 Pirvu et al. [21] INTERCEPT Blood System Bovine AF cells
25%–50% human PRP

25%–50% human platelet lysate

2016 Yang et al. [22] Centrifuged Rabbit NP cells
10%, 5%, 2.5%, and 1% volume fractions

of PRP

2016 Cho et al. [30] Centrifuged Porcine AF cells with TNF-α PRP of 1, 5, 10× 107 platelets/ml

2018 Wang et al. [24] Two-step centrifugation Rabbit NP-derived stem cells 5%–20% rabbit P-PRP or L-PRP

2018 Jia et al. [25] Two-step centrifugation NPMSCs 10% P-PRP or 10% L-PRP

2018 Hondke et al. [33] Not declared hAF PRP 5%

(b)

Time of analysis Activator Results

72 h Thrombin+CaCl2 Cell proliferation↑, PG and col synthesis↑, PG accumulation↑

7, 9 days Thrombin

NP cell proliferation and aggregation↑; optimum at 1 ng TGF-β1 concentration in PRP.
Tissue construct ↑

COL II, AGN, SOX-9 mRNA ↑, GAG accumulation ↑phosphorylation of Smad2/3 ↑,
apoptosis ↓

4 weeks Thrombin NP regeneration ↑mRNA involved in chondrogenesis and matrix accumulation↑

7 days, 4 weeks Acetic acid Cell proliferation↑ chondrogenic differentiation↓

48 h CaCl2
IL-1β and TNF-α led matrix synthesis gene expression↓; PRP degradation expression of

COX-2 and MMP-3↓

7 days, 4 weeks None
The expression of chondrogenic markers↑, inflammatory mediators ,matrix degrading

enzymes in ihNPc↓

2, 4 days Sonication 50% PL-DNA and GAG ↑. Matrix synthesis↑ of defect AF after PRP injection

1, 2, 3, 4, 5, 6, and 7
days

10% CaCl2 100 U
thrombin

mRNA of COL II, AGN, and SOX-9↑; protein of COL X level TGF-b1/Smad2/3
↑ COLII and AGN↑ by 2.5% PRP

24 h 1N HCL COL II and AGN mRNA ↑,MMP1 mRNA, protein ↓

14 days None
P-PRP: AGN, COL II↑, IL-1β, TNF-α, IL-6, IL-8, MMP-1, MMP-13 mRNA,

IL-1β, TNF-α production ↓

7 days 10% CaCl2
P-PRP: AGN, COL II↑ L-PRP: IL-1β, TNF-α MMP1, MMP-13 mRNA ↑ NF-κB/p65

protein↑

0, 7, 14, 21 days Freezing and thawing Stimulated migration and cell viability in early COL II mRNA ↑, COL1 and 3 mRNA ↓

Abbreviations: ACT: activation; NP: nucleus pulposus; AF: annulus fibrosus; AGN: aggrecan; COL II: type II collagen; COX-2: cyclooxygenase-2; GAG:
glycosaminoglycan; IVD: intervertebral disc; MMP: metalloproteinase; MSC: mesenchymal stem cell; Sox-9:SRY-related high mobility group box gene-9;
PG: proteoglycan; PRP: platelet-rich plasma; P-PRP: leukocyte-poor PRP; R-PRP: leukocyte-rich PRP; TNF: tumor necrosis factor.
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5. In Vivo Study on Animal Models
Treated with PRP

To further explore the effect of PRP on IDD, numerous
in vivo studies have been performed.

In 2009 and 2006, Kazuhide et al. and Nagae et al. [34,
35], respectively, used an IDD rabbit model with partial dis-
cectomy and found that PRP may inhibit IDD while PRP
combined with gelatin gel microspheres could significantly
inhibit IDD. Compared with the IDD control group, mag-
netic resonance imaging (MRI) showed a significant increase
in intervertebral disc height on PRP application. Histological
examination detected increased ACAN and COL II expres-
sion and decreased apoptosis of NP cells. Additionally, the
gelatin gel microspheres served as a carrier for PRP, prolong-
ing its action time and providing mechanical support,
whereby PRP could fully exert its therapeutic effect.

In 2009, Chen et al. [20] injected PRP into a porcine disc
degeneration model induced by chymopapain. After 2
months, COL II and ACAN mRNA expressions were upreg-
ulated, MSC differentiation and fewer apoptotic cells were

detected, and MRI showed recovery of the disc height index
(DHI). GB et al. [36] demonstrated that no matter when
PRP was injected in the IDD model, there was a protective
effect on IDD. However, earlier administration in the IDD
process may be more beneficial than PRP treatment of
advanced degenerated discs.

Obata et al. [37] in 2012 found that the administration of
active autologous PRP releasate could induce a remedial
effect on a rabbit needle puncture model. Compared with
the PPP and phosphate-buffered saline groups, autologous
PRP induced restoration of the DHI, the mean T2 values in
MRI were not significantly different, and the number of
chondrocyte-like cells was significantly higher. Their results
suggested that PRP injection treatment had the potential
for clinical application in IDD. Gui et al. [38] conducted a
preclinical study of autologous PRP activated by thrombin
and found the same result. Two and four weeks after PRP
application, they found an increased DHI and signal intensity
and elevated proteoglycan and COL II expression compared
with the control group, which suggested that PRP interven-
tion may be able to effectively suppress the IDD process.

Table 2: In vivo effects of PRP in IVD degeneration animal models.

(a)

Year Study Animal model Dose Size of sample Time of analysis after injection

2007 Nagae et al. [35] Rabbits, nucleotomy 20 μl 36 2, 4, and 8 weeks

2009 Kazuhide et al. [34] Rabbits, nucleotomy 20 μl 128 2, 4, and 8 weeks

2009 Chen et al. [20] Miniature porcine, chymopapain No mention 14 4 and 8 weeks

2011 GB et al. [36] Rats, needle puncture 100 μl 18 2, 4, and 6 weeks

2012 Obata et al. [37] Rabbits, needle puncture 20 μl 12 8 weeks

2015 Gui et al. [38] Rabbits, needle puncture 100 μl 36 2 weeks

2016 Wang et al. [39] Rabbits, needle puncture 200 μl 40 1, 2, and 8 weeks

2016 Yang et al. [22] Rabbits, needle puncture 15 μl 24 0, 4, 8, and 12 weeks

2016 Hou et al. [40] Rabbits 40 μl 60 4 and 8 weeks

(b)

Injection
site

Activator Results

Lumbar None PRP+GHM group decreased IDD and increased PG; PRP+PBS group showed no differences

Lumbar None PRP+GHM had greater DHI, water content, AGN, and COL II mRNA↑; fewer apoptotic cells in NP

Thoracic
lumbar

None PRP promote DHI and osteogenic MSC differentiation

Lumbar None Preserved IVD fluid content, decreased IVD degeneration

Lumbar
Autologous serum and

2 % CaCl2
Increased cell proliferation, no statistical differences on MRI findings

Lumbar 0.06ml thrombin DHI maintained, NP signal intensity maintained; significantly low MRI grading

Lumbar None
PRP moderate effect on MRI, DHI PRP +BMSC: well-preserved ECM, cell density, increased T2

signal intensity, MRi grading, and expression of COL II

Lumbar
100U thrombin + 10%

CaCl2

T2 signal intensity: PRP > control or PRP+TGF-β inhibitor; histology: PRP-less degeneration,
strong COL II staining, and Smad2/3-pathway activated

Lumbar Thrombin+CaCl2 COL II and PG staining and MRI grade PRP + BMP2 – BMSC > PRP + BMSC > PRP

Abbreviations: ACT: activation; AGN: aggrecan; BMSC: bone marrow-derived mesenchymal stem cell; BMP2: bone morphogenetic protein 2; COL II: type II
collagen; ECM: extracellular matrix; GHM: gelatin hydrogel microsphere; IVD: intervertebral disc; MRI: magnetic resonance imaging; PG: proteoglycan; PRP:
platelet-rich plasma; DHI: disc height index.
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Wang et al. [39] injected PRP with bone marrow-derived
MSCs (BMSCs) in a rabbit AF puncture model and found
that the ECM and cell densities were well preserved and
increased T2 signal intensity on MRI grading, while a strong
immunopositive staining for COL II showed a poor AF
recovery. The MRI scores of the PRP group were similar
to those of the PRP+BMSC group at 2 weeks, yet the effi-
cacy of PRP+BMSC was diminished at 8 weeks. They
hypothesized that the injected PRP was activated by the
surrounding tissues and interacted with BMSCs to cure
IDD.

In a rabbit study, Yang et al. [22] reported that MRI
revealed a significant recovery of the signal intensity of
T2 in the IVD of the PRP injection group compared with
the very low signal intensity in the control group. In their
histological study, the group of combining PRP and TGF-
β1 inhibitor displayed significantly lower expression levels
of Smad2/3 and COL II than the PRP group. Additionally,
inhibiting the TGF-β1/Smad2/3 pathway could prevent the
PRP-induced recovery by inactivating Smad2/3 and down-
regulating the ECM. They concluded that the TGF-
β1/Smad2/3 pathway might play a critical role in the abil-
ity of PRP to cure IDD.

Hou et al. [40] investigated the effects of the combined
application of bone morphogenetic protein 2 (BMP2) and
PRP to BMSCs. They reported that BMSCs transduced with
BMP2 in PRP gel inhibited IDD with a relatively well-
preserved NP structure and enhanced ECM accumulation
in the NP. At 12 weeks after surgery, BMP2-transduced
BMSCs could be detected.

The quantitative analysis by Li et al. [41] of previous
studies showed that PRP treatment could restore the inter-
vertebral disc height, reduce the degree of histological varia-
tion, and effectively increase the MRI T2 signal without a
significant increase in COL II expression.

A consensus shows that the injection of PRP or its relea-
sate is effective in enhancing ECM accumulation, retaining a
high DHI, increasing the T2 signal intensity, and slowing the
process of and even possibly reversing the effects of IDD.
Therefore, the releasate may be a promising therapy for
retarding IDD. More studies are currently focusing on com-
bining either the PRP injection with other agents or the PRP
activation pathways to determine how PRP is effective and to
determine limitations as well as ways to optimize this poten-
tial treatment. In vivo animal studies alone are not sufficient
to prove whether PRP injection can alleviate clinical symp-
toms (Table 2 and Figure 1).

6. Clinical Trials of PRP

The forms of PRP injections mainly include intradiscal and
epidural, while intradiscal injection is considered first
depending on the specific injection position. The following
section will review recent studies on clinical PRP injection.

In 2011, Koji et al. [42] conducted the first preliminary
clinical trial for the safety and efficacy of intradiscal injec-
tion therapy using PRP for IDD. They injected PRP acti-
vated by autologous serum and CaCl2 in six patients who
had suffered chronic low back pain for more than 3
months. After a 1-month follow-up, the scores of the
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Figure 1: Mechanism of PRP on intervertebral disc cells and degenerated intervertebral disc. PRP: platelet-rich plasma; P-PRP: pure PRP; L-
PRP: leukocyte platelet-rich PRP; P-PRF: pure platelet-rich fibrin; L-PRF: leukocyte platelet-rich fibrin; IVD: intervertebral disc; GFs: growth
factors; APs: adhesive proteins; MMPs: matrix metalloproteinases; IL: interleukin; TNF: tumor necrosis factor; COX: cyclooxygenase; AGN:
aggrecan; COL: collagen; Sox-9: SRY-related high-mobility group box-9; NPCs: nucleus pulposus cells; AFCs: annulus fibrosus cells.
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verbal pain scale (VPS) and Roland-Morris Disability
Questionnaire were significantly decreased. Additionally,
at the 6-month follow-up, MRI did not show any signifi-
cant change compared with before the injection. No
adverse events were reported posttreatment. A few years
later, they conducted another preliminary clinical trial
including 14 patients with a mean follow-up period of 10
months [43]. In this study, they injected P-PRP isolated
by the buffy coat method containing lower concentrations
of proinflammatory cytokines (IL-1, TNF-α). The mean
pain scores of patients before treatment were reduced by
more than 70% at the first month. Except for two subjects
with recurring low back pain, there were no adverse events.
Akeda et al. showed the safety, feasibility, and efficacy of
PRP in treatment of IDD.

Bodor et al. [44] injected PRP excluding leukocytes and
erythrocytes into 47 thoracic or lumbar IVDs in 35 patients,
and no activators were used for the PRP. The numerical rat-
ing scales (NRS) and the Oswestry Disability Index (ODI)
scores were improved in 67% of the patients. Five patients
were followed up for 10 months; these patients displayed
substantial improvement in pain, enabling them to return
to the normal physical activity. Despite 2 of 35 patients hav-
ing vasovagal episodes, there were no complications or side
effects related to this treatment.

In a case series study by Navani and Hames [45], six
patients were given a single injection of autologous PRP.

During a 6-month follow-up period, 50% of the VPS scores
of all the patients decreased by 3 months, and low pain levels
were maintained until the 6-month follow-up. The short-
form 36 health survey questionnaire was also improved in
both the physical and mental scores with no adverse effects
reported.

In 2016, Levi et al. [46] reported a prospective clinical
trial of 22 patients investigating the effects of intradiscal L-
PRP injections on discogenic back pain. After a 6-month
follow-up period, 47% had a successful outcome defined as
at least a 50% improvement in the VAS and at least a 30%
improvement in the ODI. The authors speculated that the
possible adverse effects from using the anesthetics and antibi-
otics before the 1.5ml L-PRP injection and the PRP prepara-
tion method accounted for positive outcome being
nonsignificant in this study.

None of the above studies included a randomized con-
trolled trial (RCT). Tuakli et al. [47] conducted a double-
blind RCT of intradiscal PRP therapy for discogenic low back
pain (LBP). In total, 47 adults were included with chronic
LBP (>6 months), and they were randomly assigned to the
treatment group or the control group in a ratio of 2 : 1. The
treatment group was given a single injection of L-PRP with-
out an activator. At an 8-week follow-up, they demonstrated
that in the treatment group compared with the control group,
the NRS for pain, the functional rating index, and patient sat-
isfaction (NASS outcome questionnaire) were significantly

Table 3: Clinical studies of PRP for IDD.

(a)

Year Study Study design Number of patients Type of PRP Activation

2011 Koji et al. [42] Prospective preliminary trial 6 P-PRP releasate CaCl2+autoserum

2014 Bodor et al. [44] Case series 35 P-PRP None

2016 Navani and Hames [45] Case series 6 L-PRP None

2016 Levi et al. [46] Prospective trial 22 L-PRP None

2016 Tuakli-wosornu et al. [47] Double-blind randomized 36 treatments and 22 controls L-PRP None

2017 Akeda et al. [43] Prospective trial 14 P-PRP CaCl2+autoserum

2018 Lutz [48] Single case report 1 L-PRP None

(b)

Volume of whole
blood

Volume of PRP
injected

Number of injections during the study
period

Study
period

Pain scores evaluated in the study

200ml 2ml Single 6m VAS RDQ

9ml 2ml Single 2-10m NRS ODI

60ml 1.5-3ml Single 24w VPS

30 or 60ml 1.5ml Single, at one or multiple levels 6m VAS ODI

30ml 1-2ml Single, at one or multiple levels 8 w FRi, NRS, SF-36, and modified NASS

200ml 2ml Single 10m VAS RDQ

Not mentioned 1.5ml Single 12m
Improvement T2 nuclear signal

intensity↑

Abbreviations: ACT: activation; BDI: Beck Depression Inventory; DPQ: Dallas Pain Questionnaire; FRI: functional rating index; L-PRP: leukocyte- and platelet-
rich plasma; m: months; NRS: numerical rating scale; ODI: Oswestry Disability Index; P-PRP: leukocyte-poor PRP; PRP: platelet-rich plasma; RDQ: Roland-
Morris Disability Questionnaire; SF: short form; SF-MPQ: short-form McGill Pain Questionnaire; vPS: verbal pain scale; w: weeks; VAS: visual analog scale;
NASS: North American Spine Society.
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improved. In total, 56% (15/27) of the participants were sat-
isfied (NASS outcome questionnaire) with the treatment
compared with only 18% (3/17) of the control participants
(3 participants were lost to follow-up). However, the results
were not compared after 8 weeks because of the lack of a
follow-up of the control group. No complications were
reported.

In 2017, Lutz [48] presented a single case report demon-
strating the effect of intradiscal PRP injection on improving
LBP and function. The patient was diagnosed with IDD
and had received an ineffective caudal epidural steroid injec-
tion and physical therapy. The patient was given a single PRP
injection and displayed considerable improvement in pain
and motion after 6 weeks. At a 1-year follow-up, there was
a remarkable improvement in the LBP, and the patient could
return to athletic activities. Additionally, the patient’s NP T2
signal intensity increased.

Comella et al. [49] injected PRP combined with stromal
vascular fraction, which was enriched in GFs and stem cells
extracted from autologous fat tissues. After 6 months of fol-
low-up, the VAS, ODI, and BDI data displayed a positive
trend, and a majority of the patients reported improvements
in their Dallas Pain Questionnaire scores. No complications
were reported.

In conclusion, the results of clinical application of PRP
have been shown in many studies. Large-scale, double-blind
randomized studies with well-controlled conditions of prep-
aration and sufficient power, as well as effective analyses of
PRP components, are required to establish an evidence-
based and standardized treatment of IDD with PRP
(Table 3).

7. Conclusion

In this review, we describe the effects of PRP with a focus on
in vitro and in vivo (animal) studies, which revealed that PRP
has significant biological effects in stimulating IVD cells to
repair tissues and in intradiscal therapy from basic to clinical
research for the treatment of discogenic LBP caused by IDD.
The results are quite encouraging, and autologous PRP could
be rapidly and readily prepared through a complete set of
professional equipment.

The aforementioned experiments and clinical studies
define PRP as a promising biological material. Further-
more, the three-dimensional network structure of the
PRP gel is beneficial in nutrient acquisition of seed cells
and metabolite circulation. PRP gel shows promise as a
scaffold material for NP tissue engineering. The PRP gel
is endowed with remarkable biomechanical properties
and a three-dimensional network structure, which could
be used alone as a growth factor source or as a tissue engi-
neering scaffold material combined with seed cells for
degenerative disc repair and tissue engineering in NP
reconstruction. Although the results provided invaluable
insights, they still require further research prior to applica-
tion. (1) While the mechanism of TGF-β1 is well-charac-
terized, how it interacts with other grow factors remains
unclear. (2) The action of multiple intradiscal injections
may damage the AF, and repeated intradiscal injections

might cause an increase in the pressure of the IVD, which
may accelerate the IDD process. (3) GFs (including VEGF)
contained in PRP may further exacerbate the endogenous
neurovasculature of IVD. (4) IDD is frequently associated
with ossification of the CEPs with an accompanying
decrease in oxygen and nutrients. Moreover, the regenera-
tion of IVD cells is accompanied by various synthetic
reactions of ACAN and COL II, which may accumulate
lactic acid and accelerate the IDD process. (5) The indica-
tion for IDD treatment, the optimal PRP concentration
and its composition, and how to evaluate the effect of
IVD regeneration require investigation. (6) The role of
PRP depends on the number of viable cells, but viable cells
available in patients with advanced IDD are extremely lim-
ited. (7) The ideal amount of PRP injections and when
and what timing clinicians should consider for application
of PRP treatment remain unknown. (8) The potential
adverse effects of PRP treatment are also unknown. There-
fore, combining PRP therapy and stem cell implantation
may provide new directions for IDD treatment strategy
and IVD repair.
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The intervertebral disc degeneration (IDD) with increasing aging mainly manifests as low back pain (LBP) accompanied with a loss
of physical ability. These pathological processes can be preliminarily interpreted as a series of changes at cellular level. In addition to
cell death, disc cells enter into the stagnation with dysfunction and deteriorate tissue microenvironment in degenerative discs,
which is recognized as cell senescence. During aging, many intrinsic and extrinsic factors have been proved to have strong
connections with these cellular senescence phenomena. Growing evidences of these connections require us to gather up critical
cues from potential risk factors to pathogenesis and relative interventions for retarding cell senescence and attenuating
degenerative changes. In this paper, we try to clarify another important cell state apart from cell death in IDD and discuss
senescence-associated changes in cells and extracellular microenvironment. Then, we emphasize the role of oxidative stress and
epigenomic perturbations in linking risk factors to cell senescence in the onset of IDD. Further, we summarize the current
interventions targeting senescent cells that may exert the benefits of antidegeneration in IDD.

1. Introduction

A systematic analysis for the Global Burden of Disease Study
2017 showed that low back pain was the top cause of years
lived with disability (YLD) counts from 1990 to 2017 [1].
Concerning the relation with potential loss of functional sta-
tus in the work force, disc degenerative diseases, as the major
cause of low back pain, have posed huge burden on the global
health care systems and economies [2, 3]. Ascribed to the life-
span extension and the growth of aging population world-
wide, the incidence of IDD will progressively and steadily
increase and exacerbate the problem above. Multiple studies
support the notion that degenerative discs always accelerate
cellular senescence which may precipitate the pathology of
IDD [4]. Disc cells undergo not only apoptosis but also dys-

function in IDD in an age-related manner. The latter, an
abnormal cell state, plays a crucial role in matrix homeostasis
imbalance. New pharmacological strategies focus on the
elimination or reverse of senescent cells in degenerative discs
for the prevention and treatment of IDD [5, 6].

As a fundamental cause of aging, cell senescence has been
proved in all major chronic diseases in the cardiovascular
system, nervous system, and especially musculoskeletal sys-
tem and in chronic tumor [7–10]. However, the initial factors
triggering disc cell senescence are exceptionally complex.
Among the perspectives proposed in recent years to explain
the emerging senescent cells in degenerative discs, one states
that inner age-related stress and external microenvironment-
derived stimuli both act as a promoter of cellular senescence
to accelerate IDD [11]. Since the IDD is involved in multiple
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risk factors, mechanisms underlying these stressors that
induce adaptive cell state changes have not been fully
clarified. Finding critical intermediators from intricate cues
seems to be conducive to inhibit cell senescence at the
beginning of IDD.

In this review, we introduce the features of cell senes-
cence and emphasize that it occurs as a general stress
response. And we illustrate the impact of senescence on
IDD. The role of oxidative stress and epigenetics linking mul-
tiple risk factors to cell senescence is summarized. Finally, we
discuss relative therapeutic strategies in IDD. Hopefully, the
brief introduction could primarily establish a link between
cellular survival stress and IDD from a perspective of cell
senescence.

2. Cell Senescence

2.1. The Features of Cell Senescence.Cell senescence is charac-
terized by a cell state of proliferating arrest and secreting
senescence-associated secretory phenotype (SASP) [12]. Cell
cycle arrest plays a bilateral role in pathophysiological pro-
cesses. On the one hand, it inhibits cell division and blocks
the tissue renewal. On the other hand, it also prevents a fur-
ther proliferation of harmful cells undergoing senescence
[13]. Underlying cell cycle arrest, various molecular signals
and pathways organize a complex network to exert effects
[14]. All of them eventually converge on the p53/p21/retino-
blastoma (RB) and p16/RB pathways to prevent senescent
cell proliferation [14, 15]. Telomere shortening and stressor
induction lead to replicative-related senescence (RS) and
stress-induced premature senescence (SIPS) with respective
mechanisms [16]. Previous investigations proved that these
two major senescence phenotypes were involved in most
chronic diseases.

As another major characteristic of senescent cells, SASP
contains secretions of proinflammatory factors, chemokines,

cytokines, protein enzymes, and other bioactive factors
[17]. In mechanism, some certain pathways including
nuclear factor kappa-B (NF-κB), cyclic GMP-AMP syntha-
se/stimulator of interferon genes (cGAS/STING), and
mammalian target of rapamycin (mTOR) have been proved
to control SASP [18, 19]. Meanwhile, epigenetic perturba-
tions may regulate SASP at the transcriptional level [18].
This specific phenotype mediates cell-to-cell and cell-to-
matrix signals to trigger immune-related clearance, inflam-
mation formation, cell reprogramming, and microenviron-
ment remodelling, which are involved in a series of
diseases [17, 20–22]. Similar to senescence-associated
markers like senescence-associated β-galactosidase (SA-β-
gal), several major SASP components are used to indicate
cell senescence [18, 23, 24]. However, the secretory factors
are always variable due to their heterogeneity and nonspe-
cificity. Therefore, increasing studies based on the diversity
of SASP are carried out in recent years.

In addition to cell cycle arrest and SASP, there are multi-
ple changes of cellular components and morphology emerg-
ing in senescent cells [18] (Figure 1). These traits can be
meaningful tools for distinguishing senescent cells and deter-
mining senescence process [4, 25–27]. However, cellular
senescence is actually weakly defined due to the diversity of
senescent biomarker expression in various subtypes.
Recently, Ogrodnik et al. proposed a newmodel coordinating
cell expansion and cell cycle arrest to screen senescent cells,
which provided us a novel idea [28]. Meanwhile, increasing
senescence subtypes and hallmarks are found in different cell
types [18]. Exploring novel biomarkers with specifically dif-
ferential expression in various senescence types is of great
significance, which has become the focus of current
researches [29, 30]. Although the standard of identification
is not fully unified, antagonizing the progression of cell
senescence has been a potential strategy in approaches to
blunt chronic diseases.

Increased 
lysosome 
amount

Dysfunctional 
mitochondria 
accumulation

Increased
vacuole

Enlarged and
irregular shape

Darker nucleolus

Enlarged
endoplasmic

reticulum

Enlarged
endoplasmic

reticulum

SASP 
secretion

Figure 1: Morphological differences between senescent cells and normal cells. There are characteristic morphological alterations emerging in
senescent cells compared with normal cells, such as increased but irregular cell size, darker nuclear chromatin, increased lysosome amount,
dysfunctional mitochondrial accumulation, enlarged endoplasmic reticulum, increased vacuole, and secreting SASP. These features can be
meaningful tools for identifying senescent cells and determining the senescent process.
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2.2. Cell Senescence Occurs under Various Stressors. Cell
senescence has been proved in majority of cell types as a
response to various stressors [31]. The telomere exhaustion
was firstly proved to cause cell senescence during cell division
[32]. In addition to deoxyribonucleic acid (DNA)
replication-associated stress, cells also face many other
stressors from the inner nucleus such as oncogene activation
[33]. For instance, the expression of oncogenic ras trans-
forms rodent cells to a permanent G1 arrest by upregulating
p53 and p16 [33]. The cell cycle arrest prevents the original
tumorigenesis. Moreover, under the stress of radiotherapy
[34] or chemotherapy [35] without a fatal dose, cells suffer
DNA damage and are driven into the premature senescence
instead of apoptosis to seek survival. Moreover, under stress-
ful microenvironment, epigenomic perturbations also regu-
late senescence process. The modification of global or local
chromatin alters specific gene expression to trigger cellular
senescence independent of the DNA damage response
(DDR) [36].

Meanwhile, cells need to withstand stress from the extra
nucleus. As a cellular response to tissue damage, cells at the
damage site undergo transient senescence. Senescent fibro-
blasts and endothelial cells secrete platelet-derived growth
factor AA (PDGF-AA) to induce myofibroblast differentia-
tion at the site of injury, ensuring wound closure [37]. Inter-
estingly, senescent cells provoke plasticity of neighboring
cells to enter transient reprogramming, which enhances dif-
ferential potential and is conducive to tissue repair [38, 39].
The different role of senescent cells exists under embryonic
development pressure. A p21-mediated senescence is found
in the apical ectodermal ridge (AER). Growth factors like
fibroblast growth factors (FGFs) are secreted to drive limb
patterning and optimize tissue remodelling, which is recog-
nized as a programmed senescence [40, 41]. Cells also
encounter the stress from intracellular bioenergetic metabo-
lism due to increasing dysfunctional mitochondria during
aging [42]. As a metabolically active cell state, mitochondrial

dysfunction-associated senescence (MiDAS) was proved to
be implicated in this cell state transformation via adenosine
5′-monophosphate-activated protein kinase- (AMPK-)
mediated p53 activation [42]. Despite the different stressors
and complex signal pathways, the passive cell fate eventually
arrives at the senescence outcome.

3. Cell Senescence Influences IDD

The intervertebral disc is composed of an inner highly
hydrated colloid named the nucleus pulposus (NP) encircled
by a dense fibrous ring, the annulus fibrosus (AF). The above
parts are interfaced with the adjacent vertebrae through the
vertebral endplates (EPs) [43]. There are specific features of
oligocells and abundant matrix in intervertebral discs com-
pared with other tissues like nervous or myocardial tissues
[44]. Resident cells ensure long-term matrix renewal to
maintain the balance of extracellular matrix (ECM) anabo-
lism and catabolism with the huge survival burden during
aging. Disc cells with slow turnover are suggested to be
chronic senescence prone before apoptosis under cell replica-
tion and other stressors (Figure 2). A detrimental role of per-
sistent senescent cells is predominant in chronic senescence
processes like IDD [16, 33, 38]. Contrary to effective self-
clearance of senescent cells in other tissues, the avascular
nature of discs partly limits the immune-mediated clearance
to cause the abnormal accumulation [11, 45]. Therefore, cell
senescence in IDD results from not only the general aging
process but also the structure and tissue specificity of discs.

3.1. Senescence Influences Functional Cells in IDD. As the
functional cells in discs during intervertebral disc growth,
NP, AF, and EP cells are in charge of ECM anabolic balance
in separate regions, which play a key role in maintaining nor-
mal extracellular microenvironment [43]. These functional
cells derived from degenerative discs all undergo the decline
of proliferating potential, with high expressions of SA-β-gal

Senescent cell

Normal cell

SASP
Normal collagen

Immune cell

Degenerated collagen

Stressors

Figure 2: The role of cell senescence in the pathogenesis of IDD. Cell senescence occurs in response to intrinsic and extrinsic stressors in
intervertebral discs. The primary senescent disc cells cause chronic inflammations, immune cell recruitment, and ECM degeneration
through SASP. The deterioration of tissue microenvironment and persistent stress cause the accumulation of senescent cells which further
accelerates tissue remodeling and eventually leads to IDD.
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and p16 (Ink4a) as well as decreased telomere length [4, 46,
47]. Interestingly, these senescence-associated changes in
EPs seem to appear later than in AF and NP [46]. Relatively
rich nutrition as well as milder local mechanical stress may
explain this temporal sequence [48]. Although the cellular
turnover in discs is slow, cell division during an expected life-
span of several decades is sufficient for inducing telomere
length erosion and DNA damage to cause replicative stress.
Subsequent activation of the p53/p21/RB pathway drives
functional cells into the senescent cell state of cell cycle arrest
[49]. The increasing stagnation during aging depletes the res-
ervoir of cell renewal to further decrease remaining func-
tional cells in IDD. Recent study found that deleting cell
cycle inhibition gene p16 of NP cells could significantly
decrease the proportions of senescent cells and SASP in
degenerative discs [50]. Interestingly, Novais et al. observed
the opposite result. They found that deficiency of p16 (Ink4a)
did not alter the disc cell viability and the percentage of
senescent cells [51]. Probably because p16 (Ink4a) acted as
a main trigger for SIPS, knocking out this gene failed to avoid
the replicative stress during degeneration [52, 53]. Despite
the impotent inhibition of age-dependent degeneration, sig-
nificant changes in the content and constituent of ECM
occurred indeed. Changing senescent cells via targeting cell
cycle relative genes or molecules has been focused on increas-
ingly for ameliorating IDD.

In addition to replicative stress, as shock absorbers, the
NP always suffers more mechanical stress than other tissues
[54]. The accumulation of senescent NP cells was observed
in scaffold and organ cultures under high-magnitude com-
pression, confirming that mechanical-related SIPS existed
in IDD [55]. Selective elimination of senescent NP cells pro-
tects tail suspension- (TS-) induced IDD mice from disc
degeneration. Similar relationship between mechanical stress
and cell senescence is proved in AF and EP cells [46, 47]. Fur-
ther investigation indicated that the increased oxidative
stress acted as a causative intermediator during mechanical
factor-associated SIPS in degenerated discs [50]. In fact,
intervertebral discs also have to face systemic stress derived
from other diseases or risk factors. A critical review analysis
indicated that vertebral EP capillaries got significantly nar-
rower to block the nutrition supplement in diabetic animals,
which might partly accelerate the diabetic-related IDD [56].
In diabetic patients, dysfunctional endothelial cells could
exhibit senescence-like cell state via thrombospondin 1-
cluster of differentiation 47- (TSP1-CD47-) dependent sig-
naling to impair microvessels [57]. Although similar research
in IDD is not reported, an endothelial senescence-related
microcirculatory disturbance may partly promote the degen-
eration of EPs or even the whole discs under systemic risk
factors like diabetes and hyperlipidemia. Therefore, cellular
senescence in degenerative discs cannot always be ascribed
to DNA replication and cell division as many cases of IDD
occur in the stressful environment. In fact, RS and SIPS
jointly accelerate the emergence of senescent cells in IDD
compared with age-matched normal discs [4, 58].

3.2. Senescence Influences Extracellular Microenvironment in
IDD. In addition to the stagnation of cell proliferation, the

senescent disc cells also overexpress a range of bioactive com-
ponents as fundamental features of SASP [12, 59–62]. SASP
during IDD plays a crucial role in altering tissue microenvi-
ronment [12, 63]. Among them, proinflammatory factors
such as interleukin-1β (IL-1β), interleukin-6 (IL-6),
interleukin-8 (IL-8), and tumor necrosis factor-α (TNF-α)
have been proved to be generally upregulated by senescent
cells to trigger inflammatory cascades, which cause the
chronic inflammation and accelerate IDD [51, 64]. Despite
the low specificity, growing studies recognize them as indexes
to cell senescence [18, 23, 24]. Apart from the inflammatory
effect, some specific cytokines like IL-6 and IL-8 also provide
intercellular dialogue to induce adjacent cells to be senes-
cence or reprogramming prone [12, 21, 24, 39]. The persis-
tent dedifferentiation of neighboring cells may inhibit the
supplement for lost or damaged cells and disturb tissue reju-
venation [65]. Meanwhile, specific SASP like (C–C motif)
ligand 2 (CCL-2), vascular endothelial growth factor
(VEGF), transforming growth factor β (TGF-β), and chemo-
kine (C–C motif) ligand 20 (CCL-20) are proved to induce
adjacent normal cells to be “paracrine senescence” [63].
Although it has not been fully clarified in IDD, these cell-
to-cell signals may partly promote the accumulation of dys-
functional disc cells.

As the fertile soil for NP cells, collagen matrix consisted
of generous type II collagen and aggrecan provides nutrients
for cell metabolism and maintains disc tensile stiffness [43].
Collagen falls into the stagnation period of renewal during
the development of IDD. Che et al. observed that many
matrix remodelling enzymes in SASP like matrix metallopro-
teinases (MMPs) family (MMP3, MMP9, MMP10, and
MMP13) were secreted increasingly in senescent disc cells
of TS mice [66]. MMPs degraded collagen II as well as
ECM proteins like proteoglycan and aggrecan, decreasing
hydration of NPs in IDD. In addition to MMPs, senescent
disc cells also raise the level of a disintegrin and metallopro-
teinase with thrombospondin motifs (ADAMTS) family
(ADAMTS-4, ADAMTS-5). The increased proteolytic
enzymes cleave the aggrecan interglobular domain and drive
the matrix PG loss in vitro compared to nonsenescent disc
cells, where certain pathways like β-catenin may play a key
role [62, 67, 68]. As a crucial regulator in joint development,
β-catenin is proved to mediate cell senescence in cartilages
and discs, indicating that analogical cartilaginous tissue
may be comparable in senescence mechanism [68, 69]. The
continuous secretion of catabolic enzymes produced by
senescent cells severely perturbs the ECM homeostasis since
disc cells are unable to act as the major producer of ECM.
Notably, SASP in senescent disc cells may be a unique
response of tissue to different stress like physical activities,
and the specific disc structure for low pH, low oxygen ten-
sion, and cellular environment may further amplify this effect
of SASP on ECM [12, 70].

4. The Underlying Pathogenesis of Cell
Senescence in IDD

As a multifactor-induced degenerative disease, IDD is associ-
ated with many potential risk factors such as abnormal
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mechanical loading, inappropriate exercise, obesity, and even
specific diet style [55, 71, 72]. Growing studies indicate that
oxidative stress (OS) and epigenomic perturbations may act
as major mediators between these risk factors and cell senes-
cence in IDD [73].

4.1. Oxidative Stress. Reactive oxygen species (ROS) produc-
tion is inevitable due to the oxygen-utilizing metabolism of
disc cells despite the hypoxic microenvironment in IDD
[74]. Subsequent OS increases cellular survival stress which
activates the DDR to trigger cell senescence and force the
dysfunction of resident cells [45, 75]. Apart from the hasher
microenvironment like insufficient nutrient supply and
metabolite clearance during aging, exogenous stimuli
exacerbate excessive ROS generation in disc cells [76]. These
excessive oxidizing products drive disc cells into the state of
SIPS in IDD [14]. Underlying the cellular transformation,
diverse signaling pathways have been proved to participate
in the senescence process (Figure 3). Considering the
nonmitochondrial-dependent ROS productions like nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase
and xanthine oxidase are scarcely reported in the discs, we
focus on the role of mitochondrial-derived ROS in cell senes-
cence during IDD [76, 77].

NP cells exhibit the stagnant state with senescence
markers like high SA-β-gal activity by the accumulation of
ROS in NP cells under various stimuli such as high-
magnitude compression [4] and high glucose [58]. Indeed,
the OS appears due to the imbalance between excessive
ROS generation and impaired antioxidative molecules or
enzymes disturbed by these stressors [78]. Recent studies sig-
nificantly inhibited cell senescence through reversing this
imbalance, emphasizing the role of OS in degenerative discs.
The hydrogen peroxide (H2O2) was used to aggravate intra-
cellular oxidative stress to provoke DNA damage and
successfully induced cell cycle arrest as well as SASP of NP
cells via the ataxia telangiectasia-mutated checkpoint kinase
2-p53-p21 (ATM-Chk2-p53-p21) pathway [58, 79]. This
H2O2

--induced premature senescence could be partly
reversed by the antioxidants like N-acetyl-L-cysteine [58].
Targeting the elimination of ROS components like H2O2,
hydroxyl (⋅OH), and superoxide anion (⋅O2

-) becomes a
potential therapeutic strategy. Recently, Larrañaga et al. con-
structed antioxidant polymer capsules, which can be eng-
lobed by NP cells to scavenge intracellular ROS like H2O2
and ⋅OH. The decline of ROS level significantly attenuated
the catabolic and proinflammatory cell phenotype [80]. In
addition, the ROS-induced autophagy inhibition is also
proved to cause oxidative stress in many cell types [81–83].
And by enhancing and restoring impaired autophagy during
IDD, Kang et al. affirmed that excessive ROS production
could be suppressed to protect the mitochondrial hemostasis
and ameliorate NP cell senescence [84].

Mitochondria are not only the main source of excessive
ROS production but also the major attacking target of ROS
[37, 76, 85, 86]. Literature demonstrated that OS could be
increased due to proinflammatory factors like TNF-α to
induce mitochondrial dysfunction to aggravate the senes-
cence in NP cells [87, 88]. Moreover, TNF-α-induced abnor-

mal OS can also disturb hypoxic conditions in senescent EPs,
which transfer the cartilage endplate stem cell (CESC) differ-
entiation from chondrogenesis to osteogenesis [89]. The ROS
dysregulate respiratory enzyme activity and cause the respi-
ratory chain defect in dysfunctional mitochondria, leaking
extensive electrons to produce more ROS [76]. Lack of effec-
tive antioxidant mechanisms during senescence, a ROS-
mediated positive feedback loop may act as a critical mur-
derer to accelerate senescence. In turn, interventions target-
ing cellular senescence may attenuate the oxidative stress.
For instance, Che et al. observed a reverse of senescent NP
cells by p16 deletion in IDD, which was companied with a
reduced oxidative stress [50]. A strong interaction between
oxidative stress and disc cell senescence brings us more pos-
sibility for intervening IDD. Moreover, Wang et al. con-
firmed that ROS-mediated mitochondrial dysfunction could
be inhibited by polydatin via activating the Nrf2/hemeoxy-
genase 1(HO-1) pathway to prevent senescence in rat NP
cells [88], further testifying a significant effect of blocking this
vicious circle. Although other pathways independent of ROS
may also mediate the mitochondrial dysfunction to drive the
senescent phenotype [85], maintaining a mitochondrial
homeostasis should exert antioxidative benefits on prevent-
ing cell senescence.

4.2. Epigenomic Perturbations. Senescence phenotypes
always appear in various forms no matter in different senes-
cent cells or different senescence stages of the same cell [90].
Multiple stressors can be drivers of disc cell senescence
through altering chromatin structural organization or gene
expressions during aging, where epigenetic perturbations
act as a critical link [91].

In recent years, increasing studies have focused on the
role of epigenetics during IDD. As major protein compo-
nents of chromatin, histone and related modifications partic-
ipate in DNA damage-induced senescence. Under various
stressors, the histone phosphorylation at the site of DNA
damage initiates the first step of cascade reactions from
DDR to the activation of p53/p21/Rb and eventually causes
an irreversible cell cycle arrest [60, 92, 93]. The histone tri-
methylation also plays a critical role in the positive feedback
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Figure 3: The signaling pathways between ROS and cell senescence.
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loop between enhancer of zeste homolog 2 (EZH2) and
NADPH oxidase 4 (NOX4) to promote the NP cell senes-
cence during IDD [94]. The latter of the loop has been proved
as an important mediator of various stressors to induce OS-
associated SIPS in degenerative discs [94]. Recently, Williams
et al. observed a hypermethylation level at one cytosine gua-
nine (CpG) site (cg15832436) of the parkinson protein 2
(PARK2) promoter in IDD [95]. The modification of PARK2
at transcriptional level may regulate mitochondrial-
associated OS in degenerative NP and EP cells via parkin-
mediated mitophagy [96, 97]. Therefore, epigenetic changes
may affect cellular senescence via the regulation of OS at
transcriptional level. In addition, the genome-wide analysis
of DNAmethylation profile indicated that DNAmethylation
profiles were significantly distinct between early and
advanced stages of human IDD, especially in NP tissue
[98]. The group further identified 220 differentially methyl-
ated loci comprising 187 individual genes. Among them,
Wnt-5a, one of the representative ligands of the wingless/in-
tegration-1- (Wnt-) β-catenin pathway, was observed differ-
entially methylated in advanced stage of IDD [98]. Notably,
the Wnt-β-catenin pathway has been reported to be relative
to promote disc cell senescence via a positive feedback loop
of Wnt signaling and cytokines [60]. Moreover, they also
found several hypermethylated genes that may play impor-
tant roles in regulating catabolic molecules of IDD, such as
caspase recruitment domain 14 (CARD14), EF-hand
domain-containing protein D2 (EFHD2), rhotekin 2
(RTKN2), mitogen-activated protein kinase-activated pro-
tein kinase 5 (MAPKAPK5), and protein kinase C/ζ
(PRKCZ) associated with the MAPK pathway [98]. These
mitogen-activated protein kinase (MAPK) and NF-κB-asso-
ciated genes may be involved in controlling SASP. The
differential methylations dominantly exist in genes which
are located upstream instead of directly regulating down-
stream target genes associated with proinflammatory cyto-
kines and catabolic molecules [98]. However, considering a
series of discoveries about DNA demethylation located in

promoter sites of catabolic enzyme MMPs in osteoarthritis
(OA), further studies like ribonucleic acid (RNA) sequencing
are needed to explore this possibility in IDD with more
samples [99].

Based on previous literature, the overexpressions of many
catabolic enzymes like MMPs and ADAMTS are recognized
as characteristics of senescence-associated ECM remodelling
in senescent discs during IDD [50, 62]. Many microRNAs
have been proved to target these enzymes to modulate the
ECM remodeling process through a specific pathway, respec-
tively [100–102]. Notably, some of them such as microRNA-
132 (miR-132) and microRNA-494 (miR-494) are reported
to be upregulated by the methylation of CpG islands in the
promoter region in degenerative human NP cells [103,
104]. Secreted protein acidic and rich in cysteine (SPARC)
is widely accepted as another matricellular protein to regulate
cell-matrix interactions and collagen fibrillogenesis in IDD
[105]. And the hypermethylation of SPARC promoter is
observed to decrease related gene expressions of degenerative
discs in both humans and animal models, which may partly
cause ECM remodeling in IDD [106].

Although the relationship between epigenetics and cell
senescence in IDD has been primarily established, how vari-
ous stressors trigger these epigenetic perturbations is still
unclear. Further exploration for these epigenetic changes will
provide us more potential biomarkers as well as therapeutic
targets for the management of IDD (Table 1).

5. The Promising Therapy for
IDD: Senotherapies

Optimizing disc health in an aging population requires main-
taining normal renewal and proliferation as well as function
of parenchymal cells [107]. Due to the key role that cell
senescence plays in IDD, recent studies highlight the signifi-
cance of developing senotherapeutic approaches that target
senescent cells therapeutically to blunt or even reverse IDD.

Table 1: Function characterization of epigenetic alterations in IDD in text.

Name Type Target Expression Functional role Reference

/ Histone phosphorylation Chk2 Up Cell cycle arrest [92, 93]

H3K27me3 Histone trimethylation NOX4 Up Oxidative stress [94]

PARK2 DNA methylation Parkin Up Mitophagy [95, 96]

WNT5A DNA methylation Wnt-β Up Proinflammation [98]

CARD14 DNA methylation NF-κB Up Proinflammation [98]

EFHD2 DNA methylation NF-κB Up Proinflammation [98]

RTKN2 DNA methylation NF-κB Up Proinflammation [98]

MAPKAPK5 DNA methylation MAPK Up Proinflammation [98]

PRKCZ DNA methylation MAPK Up Proinflammation [98]

miR-21 Noncoding RNA PDCD4 Down Proliferation [100]

miR-146a Noncoding RNA TRAF6 Down ECM degradation [101]

miR-98 Noncoding RNA IL-6/STAT3 Down Inhibition of ECM degeneration and apoptosis [102]

miR-494 Noncoding RNA SOX9 Down ECM degeneration and apoptosis [103]

miR-132 Noncoding RNA GDF5 Down ECM degradation [104]

SPARC DNA methylation SPARC Down ECM degradation [106]
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There are several potential strategies for antisenescent
cells including directly eliminating senescent cells, targeting
SASP for reducing its adverse effects, and relieving
senescence-associated growth arrest [108]. The first way
seems to be the most direct and hitting home. Specifically,
preventing accumulation of p16(Ink4a)-positive senescent
cells in intervertebral discs has been proved to ameliorate
matrix homeostasis and mitigate the progress of IDD
[51, 109]. Furthermore, small molecules termed senolytics
have emerged in recent years, and these selective elimina-
tors of senescent cells are considered to exert great benefits
on antiaging process [110]. Dasatinib and quercetin target-
ing ephrin (Eph) receptor tyrosine kinases and phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/AKT)
pathway modules, respectively, were the first molecules to
be identified as senolytics in 2015 [5]. From then on,
many drugs are found to be efficacious in animal models
and human cells or tissues [73]. Some known antiaging
compounds against other diseases exert new senotherapeu-
tic activity on IDD. As an antidiabetic drug before, met-
formin confers antisenescence effect in NP cells and
annulus fibrosus stem cells (AFSCs) which significantly
ameliorate disc degeneration [111, 112]. Classic bisphos-
phonate antiosteoporosis (OP) drug has been demon-
strated to benefit not only OA but also IDD [6]. The
discs of rats treated with alendronate significantly retarded
EP thickening and increased the aggrecan and type II col-
lagen anabolism in discs [6]. Although the underlying
mechanism has not been clarified, the analogical benefits
in OP, OA, and IDD provide the possibility for preventing
the whole musculoskeletal system aging and degeneration.
Classic senotherapeutic drug repurposing emerges as an
interesting aspect and may provide potential appealing
therapeutic approaches for IDD [110]. Notably, whether
the excellent result is a cause of antiaging effects or a con-
sequence is worth considering because of the multifaceted
effects of these compounds [12]. Despite their senothera-
peutic effects, these drugs possess various disadvantages
such as off-target effect and low potency. For example,
the usage of dasatinib is reported to inhibit hypoxic pul-
monary vasoconstriction to induce pulmonary hyperten-
sion independent of regular Src kinase and tyrosine
kinase-induced mechanism [113]. As a broad-spectrum
kinase inhibitor, it may target potential irrelevant kinases
to cause nonessential damage [12]. Moreover, the avascu-
lar structures in intervertebral discs are not conducive to
drug accumulation after systemic administration, which
may further amplify the off-target effect and low potency.
Therefore, delivering drugs directly to degenerative sites
may partly avoid these deficiencies. In recent years, some
drug delivery systems connected with antibodies against
senescence-specific surface antigens are synthesized to
solve the problem of targeted drug delivery. Qu et al. used
the beta-2-microglobulin antibody (anti-B2MG) to suc-
cessfully construct a nanoparticle tetrahedron which could
recognize and selectively clear senescent cells [114]. Amor
et al. screened a cell surface protein called the urokinase-
type plasminogen activator receptor (uPAR) and con-
structed senolytic chimeric antigen receptor (CAR) T cells

to eliminate target cells in multiple senescence models,
which emerged as a striking senolytic strategy [29]. There-
fore, further screening and identifying senescence-specific
surface antigens will provide more potential targets, which
may facilitate the diagnosis and interventions of senes-
cence [29, 115].

Another promising strategy is targeting the SASP for
blocking the adverse effects of specific components like pro-
inflammatory factors and matrix catabolic enzymes, without
changing the inner antioncogenic pathways and cell cycle in
senescent cells [108, 116]. This could be achieved by targeting
signaling cascade upstream of the SASP of senescent disc
cells, such as NF-κB or p38 MAPK as well as related regula-
tors [12, 87, 117]. For instance, depletion of ATM downregu-
lates the expression of SASP factors like ADAMTS and
MMPs and significantly attenuates age-associated IDD
[118, 119]. However, the SASP expression on different cells,
tissues, and organs is not always constant considering the
diversity of senescence types [65]. Finding relative conserved
molecular phenotypes existing in different senescence types
will be meaningful for clarifying the mechanism underlying
SASP and find potential targets [65]. Moreover, considering
the self-clearing mechanism of senescent cells via SASP
[120–122], it is essential to weigh the benefit between
SASP-mediated immune clearance and inflammation dam-
age in IDD and the conclusion is still not be casually estab-
lished [12]. To avoid this dilemma, targeting specific
proinflammation factors or proteins like TNF-α, MMP
instead of the whole SASP is considered to be more promis-
ing for anti-IDD [43, 123]. Therefore, accurately identifying
“the black sheep” of SASP and relative signal pathways in disc
senescence may develop SASP-related interventions further.

The third approach, relieving senescence-associated
growth arrest, could be realized through blocking the effect
of cell cycle inhibitor like p16 and forkhead box O4 (FOXO4)
or deleting relative genes [50]. Baar et al. synthesized a com-
petitive inhibitor of FOXO4 to perturb the interaction
between p53 and FOXO4 and successfully transferred the cell
cycle from arrest to apoptosis [124]. However, this strategy
needs to be treated with caution, considering that a potential
excessive cell replication and proliferation may trigger
tumorigenesis [108]. In contrast, reserving the senescent
state instead of directly eliminating them seems to be more
appealing because of the rare cell number in degenerative
discs. There is no relative report in IDD, but Zhang et al. real-
ized the reprogramming of senescent muscle stem cells via
supplying cellular nicotinamide adenine dinucleotide
(NAD+) and increased mouse lifespan [125]. Regardless of
the difference of cell characteristics, restoring the function
of senescent disc cells will greatly ameliorate the condition
of oligocytes and cell dysfunction in degenerative discs.

6. Prospects of Cell Senescence in IDD

In this review, we demonstrated the pathogenesis of disc
degenerative diseases from a perspective of cell senescence
and highlighted the pivotal role of oxidative stress and epige-
nomic perturbations played. And we analyzed the potential
of interventions targeting senescent cells and the SASP,

7Oxidative Medicine and Cellular Longevity



which seemed to be prospective strategies. Notably, there are
some confusing questions to be answered: one unsolved is
that most applications of current senescent animal models
inevitably ignore the accumulation of time effect. And it is
unconvincing to attribute the degeneration entirely to cell
senescence, considering the real chronic degeneration pro-
cess in our body. In addition, the heterogeneity of cell senes-
cence in different cells or tissues has been proved, but little is
known about that which may exist in the same cell types in
intervertebral discs. Investigating every single senescent cell
could be an interesting topic, which may help us further
understand the detail of cell senescence in IDD. Finally, days
are early to say whether changing the outcome of senescent
cells can really ameliorate or even reverse the progression
of disc degeneration, as many emerging strategies are only
preliminarily proved in vitro. Cell senescence itself is a com-
plex biological process that has not been fully clarified, and
more problems could be readily solved when further cogni-
tion is established.
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