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Collagen-derived N-acetylated proline-glycine-proline
upregulates the expression of pro-inflammatory cytokines
and extracellular matrix proteases in nucleus pulposus
cells via the NF-kB and MAPK signaling pathways
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Abstract. N-acetylated proline-glycine-proline (N-Ac-PGP)
is a chemokine involved in inflammatory diseases and is
found to accumulate in degenerative discs. N-Ac-PGP has
been demonstrated to have a pro-inflammatory effect on
human cartilage endplate stem cells. However, the effect of
N-Ac-PGP on human intervertebral disc cells, especially
nucleus pulposus (NP) cells, remains unknown. The purpose
of this study was to investigate the effect of N-Ac-PGP on
the expression of pro-inflammatory factors and extracel-
lular matrix (ECM) proteases in NP cells and the molecular
mechanism underlying this effect. Therefore, Milliplex
assays were used to detect the levels of various inflamma-
tory cytokines in conditioned culture medium of NP cells
treated with N-Ac-PGP, including interleukin-1p (IL-1p),
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IL-6, IL-17, tumor necrosis factor-a (TNF-a) and C-C motif
ligand 2 (CCL2). RT-qPCR was also used to determine the
expression of pro-inflammatory cytokines and ECM proteases
in the NP cells treated with N-Ac-PGP. Moreover, the role
of nuclear factor-xB (NF-kB) and mitogen-activated protein
kinase (MAPK) signaling pathways in mediating the effect
of N-Ac-PGP on the phenotype of NP cells was investigated
using specific signaling inhibitors. Milliplex assays showed
that NP cells treated with N-Ac-PGP (10 and 100 pg/ml)
secreted higher levels of IL-1§, IL-6, IL-17, TNF-o and CCL2
compared with the control. RT-qPCR assays showed that NP
cells treated with N-Ac-PGP (100 pg/ml) had markedly upreg-
ulated expression of matrix metalloproteinase 3 (MMP?3),
MMP13, a disintegrin and metalloproteinase with throm-
bospondin motif 4 (ADAMTS4), ADAMTSS, IL-6, CCL-2,
CCL-5 and C-X-C motif chemokine ligand 10 (CXCL10).
Moreover, N-Ac-PGP was shown to activate the MAPK and
NF-«B signaling pathways in NP cells. MAPK and NF-kB
signaling inhibitors suppressed the upregulation of proteases
and pro-inflammatory cytokines in NP cells treated with
N-Ac-PGP. In conclusion, N-Ac-PGP induces the expression
of pro-inflammatory cytokines and matrix catabolic enzymes
in NP cells via the NF-kB and MAPK signaling pathways.
N-Ac-PGP is a novel therapeutic target for intervertebral disc
degeneration.

Introduction

Low back pain (LBP) is a major threat to the health of
middle-aged and elderly individuals, among whom nearly
one-third require surgery. LBP causes a heavy socio-econo-
mical burden. Intervertebral disc degeneration (IDD)
is widely recognized as a main contributor to LBP. The
etiological factors of IDD include aging, smoking, abnormal
mechanical loading, occupational exposure and trauma (1-6).
IDD is characterized by decreased disc height, nucleus
pulposus (NP) dehydration, annulus fibrosus (AF) tear,
immune cell infiltration, neovascularization and neuronal
ingrowth (7,8). Therapeutic measures based on preventing and
delaying the initiation and progression of IDD are considered
to be effective measures for LBP treatment.
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The pro-inflammatory and catabolic phenotype of disc
cells has been identified in degenerative discs. Extracellular
matrix (ECM) catabolic proteases are potently associated with
the structural failure of discs. Pro-inflammatory cytokines
suppress the matrix synthesis of disc cells and upregulate
the expression of matrix proteases in disc cells, leading to an
imbalance between matrix anabolism and catabolism in IVDs.
Moreover, pro-inflammatory cytokines are able to induce
the senescence, apoptosis and autophagy of disc cells (9,10).
Therefore, the pro-inflammatory and catabolic phenotype
of disc cells is detrimental to the structural and functional
homeostasis of discs. Noticeably, the viability and function
of disc cells are regulated by the microenvironment of discs.
The microenvironment of degenerative IVDs is characterized
by low pH, high osmotic pressure, hypoxia and low nutrition.
The harsh microenvironment of degenerative discs disrupts
the homeostasis of disc cells, which plays a crucial role in the
pathogenesis of IDD (11). However, the regulatory effect of
the microenvironment on the pro-inflammatory and catabolic
phenotype of disc cells has not been elucidated.

N-acetylated proline-glycine-proline (N-Ac-PGP) is a
tripeptide generated from collagens degraded by matrix
metalloproteinase 8 (MMPS8), MMP9 and prolyl endopepti-
dase (PE) (12). Previous studies have reported the wide role
of N-Ac-PGP in neutrophilic inflammatory diseases, such
as chronic obstructive pulmonary disease and inflammatory
bowel disease (13,14). Recently, we identified the presence
of N-Ac-PGP in human NP tissues. The level of N-Ac-PGP
in NP tissues is positively correlated with the grade of IDD,
suggesting the involvement of N-Ac-PGP in the pathogenesis
of IDD. Moreover, N-Ac-PGP promotes the migration of
cartilage endplate stem cells (CESCs) and induces the differ-
entiation of CESCs toward a pro-inflammatory and catabolic
phenotype via CXCR1/2. Thus, we conclude that N-Ac-PGP is
a pro-inflammatory and catabolic matrikine in the microenvi-
ronment of IVDs (15). Nevertheless, the effect of N-Ac-PGP
on human functional disc cells and the molecular mechanism
underlying this effect remain unknown.

In this study, the Milliplex MAP assay (Millipore, Billerica,
MA, USA) was used to measure the level of pro-inflammatory
cytokines in conditioned culture medium of human NP cells
treated with N-Ac-PGP. We also analyzed the expression of
pro-inflammatory cytokines and matrix catabolic proteases in
NP cells using reverse transcription-quantitative PCR (RT-qPCR).
Lastly, we investigated the activation of the nuclear factor-kB
(NF-«B) and mitogen-activated protein kinase (MAPK) signaling
pathways in NP cells treated with N-Ac-PGP. The role of the
NF-kB and MAPK signaling pathways in mediating the effect of
N-Ac-PGP on the phenotype of NP cells was investigated using
specific signaling inhibitors. Our study, for the first time, elucidated
the effect of N-Ac-PGP on the catabolic and pro-inflammatory
signaling of human NP cells via the NF-xB and MAPK pathways,
further revealing the roles of N-Ac-PGP in the pathogenesis of
IDD. The present study provides a novel insight into the mecha-
nism underlying the establishment and progression of IDD.

Materials and methods

Ethics statement. The present study was performed complying
with the ethical standards set forth by the Declaration of
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Helsinki, and was approved by the Ethics Committee of
Xingiao Hospital (Chonging, China).

Reagents and antibodies. N-Ac-PGP was provided by
Sigma-Aldrich (St. Louis, MO, USA). N-Ac-PGP was dilu-
ted with phosphate-buffered saline (PBS; 1 mg/ml). The
rabbit monoclonal anti-human p38 (no. 9212), phospho-p38
(p-p38; no. 9211), INK (no. 9252), p-JINK (no. 9251), ERK
(no. 9102) and p-ERK (no. 9101) antibodies were all obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA). The
mouse monoclonal anti-human GAPDH (sc-47724) antibody
was provided by Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The rabbit polyclonal anti-human p65 antibody
(ab16502) and the rabbit monoclonal anti-human p-p65 antibody
(ab76302) were both purchased from Abcam (Cambridge, MA,
USA). The goat polyclonal anti-mouse IgG (H+L) horseradish
peroxidase (HRP)-conjugated secondary antibody (ZB2305)
and the goat anti-rabbit IgG (H+L) HRP-conjugated secondary
antibody (ZB2301) were both purchased from ZSGB-BIO
(Beijing, China). The p38 (SB202190, SB), INK (SP600125,
SP) and ERK (U0126, U) signaling inhibitors were provided
by MedChem Express (Princeton, NJ, USA). The NF-kB
inhibitor (PDTC) was purchased from Beyotime Institute of
Biotechnology (Shanghai, China).

NP cell culture. Human NP tissues were collected from
8 patients undergoing lumbar discectomy and a fusion
procedure in Xingiao Hospital (Chongqing, China) (Table I).
Pre-operative MRI was performed to evaluate the Pfirrmann
grade of the intervertebral discs (IVDs) (16). IVD specimens
were preserved in sterile saline solution once dissected from
the human body. NP tissues, a gel-like tissue, were carefully
isolated from IVD specimens and minced into thin tissue
blocks (I mm?). After washing with PBS three times, NP tissues
were incubated with 0.2% type II collagenase (Sigma-Aldrich)
in Dulbecco's modified Eagle's medium (DMEM)/F-12
medium (Invitrogen Life Technologies, Carlsbad, CA, USA)
at 37°C for 12 h. Next, the suspension was collected and
centrifuged at 1,200 rpm for 6 min. The isolated NP cells were
cultured in DMEM/F-12 medium containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Invitrogen Life
Technologies), and grew as a monolayer in 5% CO, at 37°C.
The medium was replaced by fresh medium twice a week.
When the cells reached about 80% confluence, they were
sub-cultured. NP cells from different patients were pooled at
passage 1 and were used at passage 2 or 3. The marker genes of
NP cells used in this study were analyzed by semi-quantitative
reverse transcription PCR. Three NP cell-positive gene markers
[CA12, KRT19 and CDH2 (17)] and a NP cell-negative gene
marker [IBSP (17)] were validated (data not shown).

Milliplex MAP assay. NP cells were trypsinized and
seeded into 6-well culture plates (Corning Inc., Corning,
NY, USA). They were then treated with various concentra-
tions of N-Ac-PGP (0.1, 1, 10 and 100 pg/ml) for different
durations (1, 3, 5 and 7 days) at 37°C with 5% CO,. The
conditioned media were harvested for Milliplex MAP Human
Cytokine/Chemokine Multiplex Immunoassay (Millipore).
The cytokines and chemokines included interleukin-1p (IL-1p),
IL-6, IL-17, C-C motif ligand 2 (CCL2) and tumor necrosis
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Table I. Demographic information of the NP tissue donors.

Pfirrmann

Donors Sex Age (years) grade
Patient 1 Male 43 1I
Patient 2 Male 36 1I
Patient 3 Male 48 111
Patient 4 Male 52 111
Patient 5 Male 57 111
Patient 6 Female 42 11
Patient 7 Female 41 111
Patient 8 Female 37 1I

factor-a (TNF-a). In brief, 25 ul standard solution, 25 ul
mixed beads and 200 gl wash water were incubated in one
well for 17 h at 4°C and for 2 h at room temperature. Then,
after washing with wash buffer three times, 25 pl antibodies
was added to each well and incubation was carried out at 25°C
for 1 h. After adding 25 ul of streptavidin-phycoerythrin to
each well, the solution was incubated for 1 h at 25°C. Lastly,
the wells were washed with wash buffer three times and were
treated with 150 ul of sheath fluid. An automated immuno-
assay analyzer (Luminex 200™; Millipore) was used to detect
the fluorescence intensity of each well. NP cells without any
treatment served as the blank control. NP cells treated with
PBS served as the negative control. Median fluorescent inten-
sity (MFI) data were analyzed using a 5-parameter logistic or
spline-fitting method for calculating cytokine or chemokine
concentrations in the conditioned culture media.

Treatment with MAPK and NF-kB signaling inhibitors. To
analyze the effect of N-Ac-PGP on the phosphorylation of
ERK, JNK, p38 and p65, NP cells were treated with N-Ac-PGP
(100 pg/ml) for 15, 30, 45 and 60 min. The activation of these
signaling pathways was investigated via western blot assays. In
order to determine the role of the MAPK and NF-«B signaling
pathways in mediating the catabolic and pro-inflammatory
effect of N-Ac-PGP, NP cells were pre-treated with U (1 pg/ml),
SP (1 ug/ml), SB (1 ug/ml) and PDTC (1 pg/ml) for 30 min
followed by N-Ac-PGP treatment (100 ug/ml) for 3 days. After
that, the total RNA of the NP cells was isolated to perform
RT-qPCR analysis. NP cells without any treatment served as
the control.

RT-gPCR. The RNeasy Mini kit (Qiagen, Valencia, CA, USA)
was used to extract total RNA of the NP cells. RNA (1 ug) was
used to perform reverse transcription using the Omniscript
Reverse Transcription kit (Qiagen) according to the protocol
provided the manufacturer. RT-qPCR was performed using
a ViiA7 Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) and the QuantiNova™ SYBR-Green
PCR kit (Qiagen) according to the manufacturer's instruc-
tions. The 20 ul reaction volume was applied. Reaction
parameters were as follows: initial heat activation for 2 min
at 95°C, followed by 40 cycles of 5 sec at 95°C for template
denaturation and 34 sec at 60°C for annealing and extension.
All samples were amplified in triplicate, and the results are
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Table II. Primer sequences used in the RT-qPCR analysis.

Genes Primer sequences
MMP3 F: CACGGAACCTGTCCCTCCAGAA
R: GCATCCACGCCTGAAGGAAGAG
MMP13 F: CTGGCTGCCTTCCTCTTCTTGA
R: GTCATGGAGCTTGCTGCATTCT
ADAMTS4 F: AAGAGTCCTGCCAGCGGTCAA
R: ATCTGCCACCACCAGTGTCTCC
ADAMTSS F: TGTCCTGCCAGCGGATGTGT
R: GATGCCGTCACAGCCAGTTCTC
IL-6 F: AGCCAGAGCTGTGCAGATGAGT
R: GGCATTTGTGGTTGGGTCAGGG
CCL2 F: ACCAGCAGCAAGTGTCCCAAAG
R: GGGTTTGCTTGTCCAGGTGGTC
CCL5 F: CAGCAGTCGTCCACAGGTCAAG
R: GGCACACACTTGGCGGTTCTT
CXCL10 F: GGAACCTCCAGTCTCAGCACCA
R: GCTGATGCAGGTACAGCGTAC
GAPDH F: CCAGCAAGAGCACAAGAGGAAGAG
R: GGTCTACATGGCAACTGTGAGGAG

F, forward; R, reverse; MMP, matrix metalloproteinase; ADAMTS, a
disintegrin and metalloproteinase with thrombospondin motif;
IL, interleukin; CCL, C-C motif ligand; CXCL10, C-X-C motif
chemokine ligand 10.

presented as a Ct value, which is the cycle number at which
the amplified product is first detected. The expression level of
the targeted genes was normalized to that of GAPDH. Relative
mRNA expression levels of target genes were calculated using
the 224¢ method (18). The primers of the target genes investi-
gated in the present study are listed in Table II.

Western blot analysis. NP cells were lysed with radio-
immunoprecipitation assay lysis buffer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) containing proteinase
inhibitor on ice for 30 min. A BCA kit (Beyotime Institute
of Biotechnology) was used to measure the concentration of
the proteins. The proteins were mixed with loading buffer
(Invitrogen Life Technologies). Proteins (50 ug) were separated
by 10% (w/v) sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and were then transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore).
PVDF membranes were blocked with 5% non-fat milk in
Tris-buffered saline (TBS) for 1 h at 37°C and then were
incubated with primary antibodies against GAPDH (1:1,000
dilution), p65 (1:1,000 dilution), p-p65 (1:1,000 dilution), p38
(1:1,000 dilution), p-p38 (1:1,000 dilution), ERK (1:1,000
dilution), p-ERK (1:1,000 dilution), JNK (1:1,000 dilution)
and p-JNK (1:100 dilution) overnight at 4°C. After rinsing
with TBS three times, PVDF membranes were incubated
with HRP-conjugated secondary antibodies respectively
at 37°C for 1 h. Lastly, the target proteins were detected
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Figure 1. Secretion of pro-inflammatory cytokines by nucleus pulposus (NP) cells treated with N-acetylated proline-glycine-proline (N-Ac-PGP) for 1 day.
(A-E) The levels of interleukin-18 (IL-1p), IL-6, IL-17, C-C motif ligand 2 (CCL2) and tumor necrosis factor-o. (TNF-a) in the conditioned culture media of
NP cells treated with N-Ac-PGP. NP cells without any treatment served as the blank control. NP cells treated with phosphate-buffered saline (PBS) served
as the negative control. The results are presented as the mean + SEM. "P<0.05 vs. the blank control. 0.1,0.1 gg/ml; 1, 1 ug/ml; 10, 10 pg/ml; 100, 100 pg/ml.

using an enhanced chemiluminescence system (Millipore,
Bedford, MA, USA) and scanned using an ImagineQuant
LAS 4000 (GE Healthcare, Fairfield, CT, USA). The optical
density (OD) of the western blot bands was measured using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The phosphorylation level of each protein = OD
of the phospho-protein/OD of total protein. The relative
phosphorylation level (RPL) of proteins in each group = the
phosphorylation level of proteins in each group/the
phosphorylation level of proteins in the control group.

Statistical analysis. All experiments were independently
performed at least three times. The data are presented as
the mean =+ standard error of the mean (SEM). For multiple
comparisons among three or more groups, the one-way
analysis of variance (ANOVA) and the least significant
difference (LSD) comparison were performed. The data of
RT-qPCR were analyzed by Kruskal-Wallis non-parametric
analysis and Mann-Whitney U post hoc tests as previously
mentioned (19). GraphPad Prism 6 (GraphPad Software, Inc.,
La Jolla, CA, USA) and SPSS version 22.0 statistical software
(International Business Machines Corporation, Armonk, NY,
USA) were used to analyze and display the data of this study.
P<0.05 was regarded as indicative of statistical significance.

Results

N-Ac-PGP increases the secretion of pro-inflammatory
cytokines by NP cells in a dose-dependent manner. The

conditioned culture media of NP cells treated with N-Ac-PGP
(0.1, 1, 10 and 100 pg/ml) for various durations (1, 3, 5 and
7 days) were collected to measure the level of pro-inflammatory
cytokines secreted by NP cells. As shown in Fig. 1, after
treatment with various concentrations of N-Ac-PGP for 1 day,
increases in the secretion of IL-1p3,1L-6,I1L-17,CCL2 and TNF-a
by NP cells were observed regardless of the concentration of
N-Ac-PGP. With increasing duration of N-Ac-PGP treatment,
the inductive effect of N-Ac-PGP on the secretion of IL-1f3,1L-6,
IL-17, CCL2 and TNF-a by NP cells was observed (Figs. 2-4),
indicating the potent pro-inflammatory effect of N-Ac-PGP
on human NP cells. Furthermore, the pro-inflammatory effect
of N-Ac-PGP was shown to be dose-dependent. Taking Fig. 2
as an example, the secretion of IL-1[ started to increase after
1 ug/ml of N-Ac-PGP treatment while there was no significant
change in NP cells treated with 0.1 pg/ml of N-Ac-PGP.
With increasing concentrations of N-Ac-PGP (10 and 100 pg/
ml), a higher magnitude of increased IL-1f secretion
induced by N-Ac-PGP was determined (Fig. 2). Noticeably,
the inductive effect of N-Ac-PGP on the secretion of 1L-6,
IL-17, CCL2 and TNF-a by NP cells showed a similar dose-
dependent trend (Figs. 1-4). Generally speaking, N-Ac-PGP at
10 and 100 pg/ml showed a significant pro-inflammatory effect
on NP cells. Thus, N-Ac-PGP is a potent pro-inflammatory
matrikine in the microenvironment of discs.

The temporal pattern of the pro-inflammatory effect of
N-Ac-PGP on NP cells. As mentioned above, N-Ac-PGP
enhanced the secretion of pro-inflammatory cytokines by NP
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Figure 2. Secretion of pro-inflammatory cytokines by nucleus pulposus (NP) cells treated with N-acetylated proline-glycine-proline (N-Ac-PGP) for 3 days.
(A-E) The level of interleukin-1p (IL-1f), IL-6, IL-17, C-C motif ligand 2 (CCL2) and tumor necrosis factor-o. (TNF-a) in the conditioned culture media of
NP cells treated with N-Ac-PGP. NP cells without any treatment served as the blank control. NP cells treated with phosphate-buffered saline (PBS) served
as the negative control. The results are presented as the mean + SEM. "P<0.05 vs. the blank control. 0.1, 0.1 gg/ml; 1, 1 pg/ml; 10, 10 pg/ml; 100, 100 pg/ml.
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Figure 3. Secretion of pro-inflammatory cytokines by nucleus pulposus (NP) cells treated with N-acetylated proline-glycine-proline (N-Ac-PGP) for 5 days.
(A-E) The level of interleukin-1p (IL-1f), IL-6, IL-17, C-C motif ligand 2 (CCL2) and tumor necrosis factor-o (TNF-q) in the conditioned culture media of
NP cells treated with N-Ac-PGP. NP cells without any treatment served as the blank control. NP cells treated with phosphate-buffered saline (PBS) served
as the negative control. The results are presented as the mean + SEM. "P<0.05 vs. the blank control. 0.1, 0.1 gg/ml; 1, 1 pg/ml; 10, 10 gg/ml; 100, 100 pg/ml.
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Figure 4. Secretion of pro-inflammatory cytokines by nucleus pulposus (NP) cells treated with N-acetylated proline-glycine-proline (N-Ac-PGP) for 7 days.
(A-E) The level of interleukin-1f (IL-1p), IL-6, IL-17, C-C motif ligand 2 (CCL2) and tumor necrosis factor-o. (TNF-a) in the conditioned culture media of
NP cells treated with N-Ac-PGP. NP cells without any treatment served as the blank control. NP cells treated with phosphate-buffered saline (PBS) served
as the negative control. The results are presented as the mean + SEM. "P<0.05 vs. the blank control. 0.1, 0.1 gg/ml; 1, 1 ug/ml; 10, 10 ug/ml; 100, 100 pg/ml.
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Figure 5. Secretion of pro-inflammatory cytokines by nucleus pulposus (NP) cells treated with N-acetylated proline-glycine-proline (N-Ac-PGP, 100 pg/ml) for
different durations. (A-E) The level of interleukin-1p (IL-1f), IL-6,IL-17, C-C motif ligand 2 (CCL2) and tumor necrosis factor-o (TNF-0) in the conditioned
culture media of NP cells treated with N-Ac-PGP. NP cells without any treatment served as the blank control. The results are presented as the mean + SEM.
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Figure 6. (A-H) Quantitative PCR analysis of matrix degradation enzymes and pro-inflammatory cytokines in NP cells treated with N-acetylated proline-gly-
cine-pro-line (N-Ac-PGP, 100 pg/ml) for 3 days. NP cells were pretreated with p38 inhibitor (SB202190, SB), JNK inhibitor (SP600125, SP), ERK inhibitor
(U0126, U) or nuclear factor-xB (NF-«xB) inhibitor (PDTC) for 30 min followed by N-Ac-PGP treatment for signaling inhibition. The results are presented
as the mean = SEM. "P<0.05. NP, nucleus pulposus; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; CCL, C-C motif ligand;
CXCLI10, C-X-C motif chemokine ligand 10; IL, interleukin; MMP, matrix metalloproteinase.

cells in a dose-dependent manner. Herein, we investigated the
relationship between the duration of N-Ac-PGP treatment and
the pro-inflammatory effect of N-Ac-PGP on NP cells. We
found that the level of pro-inflammatory cytokines in culture
media significantly increased after N-Ac-PGP treatment
(100 pg/ml) for 1 day (Fig. 5). With the prolonged duration of
N-Ac-PGP treatment, the production of cytokines by NP cells
was gradually increased (Fig. 5), indicating that N-Ac-PGP
induces the secretion of pro-inflammatory cytokines by NP
cells in a time-dependent manner.

N-Ac-PGP upregulates the expression of matrix degradation
proteases in NP cells. In addition to the pro-inflammatory

phenotype, the matrix catabolic phenotype of NP cells is a main
threat to the ECM homeostasis of discs and is crucial to the
pathogenesis of IDD. However, the influence of N-Ac-PGP on
the expression of matrix catabolic genes in human NP cells is
unknown. To elucidate this issue, NP cells were incubated with
N-Ac-PGP (100 pg/ml) for 3 days. RT-qPCR analysis was then
performed to detect the expression of various matrix degra-
dation proteases in the NP cells, including MMP3, MMP13,
a disintegrin and metalloproteinase with thrombospondin
motif 4 (ADAMTS4) and ADAMTSS (Fig. 6). As a result,
the expression of matrix proteases was markedly upregulated
by N-Ac-PGP. In contrast, a significant upregulation of IL-6,
CCL2,CCLS5 and C-X-C motif ligand 10 (CXCL10) in NP cells
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Figure 7. (A) Western blot analysis of the phosphorylation of p38, ERK, JNK and p65 in nucleus pulposus (NP) cells treated with N-acetylated proline-gly-
cine-proline (N-Ac-PGP, 100 pg/ml) for 15, 30,45 and 60 min. (B-E) The relative phosphorylation level (RPL) of p38, p65, ERK, JNK in NP cells treated with

N-Ac-PGP. NP cells without any treatment served as the control.

was also induced by N-Ac-PGP (Fig. 6), which was consistent
with the results of the Milliplex MAP assays. In conclusion,
N-Ac-PGP is able to regulate both inflammatory and catabolic
signaling in NP cells, confirming the pro-inflammatory and
catabolic effect of N-Ac-PGP in the microenvironment of
discs.

NF-kB and MAPK signaling pathways are involved in the
pro-inflammatory and catabolic effect of N-Ac-PGP on
NP cells. NF-kB and MAPK signaling pathways are crucial
to the regulation of inflammatory and catabolic signaling in
IVDs (20). To investigate whether N-Ac-PGP regulates the
pro-inflammatory and matrix catabolic phenotype of NP cells
through NF-xB and MAPK pathways, the phosphorylation of
ERK, JNK, p38 and p65 in NP cells treated with N-Ac-PGP
(100 pg/ml) was analyzed. Two signaling pathways of MAPK
(ERK and JNK) were maximally phosphorylated after
N-Ac-PGP treatment for 30 min while p38 and p65 were
maximally phosphorylated after N-Ac-PGP treatment for
15 min (Fig. 7). After N-Ac-PGP treatment for 15 or 30 min,
the phosphorylation levels of ERK, JNK, p38 and p65 were
gradually decreased and returned to normal (Fig. 7), indi-
cating that the NF-xF and MAPK signaling pathways in NP
cells were activated at the early stage of N-Ac-PGP treatment.
In order to investigate the efficacy of the specific signaling

inhibitors on the phosphorylation of p65, ERK, JNK, p38 in
NP cells at the early stage of N-Ac-PGP treatment, NP cells
were pre-treated with U (1 ug/ml), SP (1 ug/ml), SB (1 pg/ml)
and PDTC (1 ug/ml) for 30 min followed by N-Ac-PGP treat-
ment (100 pg/ml) for 30 min, 30 min, 15 min and 15 min
respectively. As a result, the specific signaling inhibitors
suppressed the phosphorylation of p65, ERK, JNK and p38 at
the early stage of N-Ac-PGP treatment (Fig. 8). Furthermore,
the results of RT-qPCR revealed that the inductive effect of
N-Ac-PGP treatment for 3 days on the expression of CCL2,
CCLS, IL-6, CXCL10, MMP3, MMP13, ADAMTS4 and
ADAMTSS in NP cells was retarded by the specific signaling
inhibitors (Fig. 6), suggesting that the pro-inflammatory and
matrix catabolic effect of N-Ac-PGP on NP cells is mediated
by the activation of NF-kB and MAPK signaling pathways at
the early stage of N-Ac-PGP treatment.

Discussion

In the present study, we demonstrated that N-Ac-PGP induces
the expression of pro-inflammatory cytokines and ECM
proteases in human NP cells, which was consistent with the
pro-inflammatory and catabolic effect of N-Ac-PGP on human
CESCs (15). This suggests that N-Ac-PGP is involved in the
pathogenesis of IDD by enhancing inflammation and promoting
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Figure 8. (A-D) Western blot analysis of the phosphorylation of ERK, p38, JNK and p65 in nucleus pulposus (NP) cells. NP cells were pre-treated with the
ERK (U0126, U, 1 pg/ml), INK (SP600125, SP, 1 ug/ml), p38 (SB202190, SB, 1 zg/ml) and nuclear factor-xB (NF-xB) (PDTC, 1 ug/ml) signaling inhibitors for
30 min followed by N-acetylated proline-glycine-proline (N-Ac-PGP) treatment (100 xg/ml) for 30, 30, 15 and 15 min respectively. The relative phosphoryla-
tion level (RPL) of p38, p65, ERK, JNK in NP cells was calculated. NP cells without any treatment served as the control.
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Figure 9. The schema of the signaling pathways investigated in this study.
N-acetylated proline-glycine-proline (N-Ac-PGP) upregulates the expression
of matrix catabolic and pro-inflammatory genes in nucleus pulposus (NP)
cells via the activation of nuclear factor-kB (NF-«B) and mitogen-activated
protein kinase (MAPK) signaling pathways.

ECM degradation in the microenvironment of IVDs. N-Ac-PGP
is detrimental to the structural and functional homeostasis of

IVDs. Furthermore, the NF-kB and MAPK signaling pathways
were shown to mediate the catabolic and pro-inflammatory
effect of N-Ac-PGP on NP cells. To our knowledge, this is
the first study to investigate the effect of N-Ac-PGP on the
phenotype of human NP cells and the molecular pathways
underlying this effect, which provides further insight into the
pathogenesis of IDD.

The structural and functional maintenance of [IVDs depends
on a balance between the ECM anabolism and catabolism of
disc cells (21,22). This balance is disturbed in degenerative
discs. Various matrix catabolic proteases accumulate in the
microenvironment of discs with IDD progression, including
MMP3,MMP13, ADAMTS4 and ADAMTSS. These proteases
degrade ECM to cause structural failure of IVDs (9). On the
other hand, IDD is a pro-inflammatory cytokine-mediated
pathological process. Various pro-inflammatory cytokines
including TNF-a, IL-6, IL-17, IL-1p and CCL2 produced by
disc cells upregulate the expression of matrix proteases and
suppress matrix anabolism in disc cells via autocrine and
paracrine processes. Moreover, pro-inflammatory mediators
induce the senescence, autophagy and apoptosis of disc
cells (10,23). In short, pro-inflammatory cytokines and matrix
proteases are crucial to the establishment and progression of
IDD. Therefore, the matrix catabolic and pro-inflammatory
secretory phenotype of disc cells plays an important role in the
pathogenesis of IDD. Noticeably, the phenotype of resident disc
cells is regulable for the adaption to the microenvironment of
IDD. In addition, the function and viability of disc cells depend
on microenvironment homeostasis. The microenvironment
of degenerative discs is harsh and is characterized by an
acidic pH, high osmotic pressure, low oxygen and nutrition
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deficiency. With IDD progression, the microenvironment of
discs becomes harsher due to excessive cytokines, chemokines,
proteases and growth factors (11,24). Investigation of the
effects of microenvironmental factors on the matrix catabolic
and pro-inflammatory phenotype of disc cells facilitates
the development of strategies to suppress the production of
cytokines and matrix proteases by disc cells and consequently
prevents or delays the establishment and progression of IDD.

N-Ac-PGP is a matrikine derived from collagen through a
proteolytic cascade involving MMPS8, MMP9 and PE (12). It is
achemokine via CXCR1/2 (25). Previous studies have reported
the involvement of N-Ac-PGP in chronic obstructive pulmo-
nary disease and inflammatory bowel disease via inducing the
migration of neutrophils (13,14). We reported that the levels
of MMP8, MMP9 and PE in human NP tissues were signifi-
cantly increased with increasing Pfirrmann grade of the discs,
suggesting an enhanced collagen degradation in degenerative
discs that forms a suitable microenvironment for N-Ac-PGP
generation. In fact, we confirmed the presence of N-Ac-PGP
in human NP tissues and found that the level of N-Ac-PGP in
NP tissues is positively correlated with the Pfirrmann grade of
IV Ds. Furthermore, N-Ac-PGP was shown to recruit CESCs
from cartilage endplate into NP and induce the differentiation
of CESCs toward a pro-inflammatory phenotype (15). Herein,
the roles of N-Ac-PGP in the microenvironment of NP were
extended. N-Ac-PGP potently induced the expression of matrix
catabolic and pro-inflammatory genes in resident NP cells,
suggesting that N-Ac-PGP is detrimental to the functional
and structural homeostasis of IVDs via enhancing inflamma-
tion and matrix catabolism in the microenvironment of discs.
N-Ac-PGP is a pro-degenerative matrikine for IVDs.

The NF-kB and MAPK signaling pathways are regarded
as the major pathways mediating musculoskeletal disorders,
including osteoarthritis, osteoporosis muscular dystrophy and
rheumatoid arthritis (26-31). NF-kB plays a central role in the
cellular response to various stimuli, such as inflammation,
cytokines, mechanical stress, oxidative stress and genotoxic
stress. Previous studies have reported the roles of NF-«B in
IDD. Nerlich et al reported the activation of NF-kB along with
oxidative stress in human IVDs in vivo. The activity of NF-xB
in IVDs was found to increase with aging and progression
of IDD (32). NF-kB activation is associated with oxidative
stress-induced senescence of NP cells (33). Moreover, MMPs,
ADAMTS proteases and cytokines are the target genes of
NF-kB in NP cells (20,34,35), indicating that the NF-xB
pathway is involved in the matrix catabolism and inflamma-
tion of IVDs. On the other hand, MAPK is a highly conserved
signal transduction pathway that is activated by environmental
stress (36). The ECM metabolism and inflammation of IVDs
are also associated with MAPK activation in disc cells. The
inhibition of the MAPK pathway by specific signaling inhibi-
tors can suppress the enhanced ECM catabolism in disc cells
induced by inflammatory cytokines (20,37-39). In conclusion,
both NF-kB and MAPK pathways are tightly associated
with inflammatory and matrix catabolic signaling in IVDs.
Therefore, we propose that they also play a role in mediating
the pro-inflammatory and catabolic effect of N-Ac-PGP on
NP cells. According to our results, the phosphorylation of the
NF-xB and MAPK pathways in NP cells was enhanced at
the early stage of N-Ac-PGP treatment. Moreover, when the
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activation of NF-«B and MAPK pathways at the early stage
of N-Ac-PGP treatment was inhibited by specific signaling
inhibitors, the pro-inflammatory and catabolic effects of
N-Ac-PGP on NP cells was markedly counteracted, suggesting
that N-Ac-PGP upregulates the expression of matrix catabolic
and pro-inflammatory genes in NP cells via the activation of
the NF-kB and MAPK signaling pathways at the early stage of
N-Ac-PGP treatment (Fig. 9).

Actually, there are several limitations of this study. Firstly,
the mechanism underlying the interaction between N-Ac-PGP
and NP cells remains unknown. Our previous study revealed
that N-Ac-PGP affects CESCs by binding to N-Ac-PGP recep-
tors (CXCR1 and CXCR?2) (15). More studies are required to
confirm that the effect of N-Ac-PGP on NP cells is also depen-
dent on these receptors. Second, our study clearly showed
that N-Ac-PGP affects NP cells via the NF-kB and MAPK
signaling pathways. However, the crosstalk between the two
pathways is unclear. This is a new issue which warrants further
investigation. In addition, we pooled NP cells from different
patients at passage 1 and used them at passage 2 or 3. In this
situation, the effect of different degeneration grade on the
response of NP cells to N-Ac-PGP treatment was unable to be
revealed. This should be investigated in the future.

In conclusion, N-Ac-PGP upregulates the expression of
pro-inflammatory and ECM catabolic genes in a dose-depen-
dent and time-dependent manner. This effect was mediated by
the activation of the NF-xB and MAPK signaling pathways
at the early stage of N-Ac-PGP treatment. Our findings
contribute to a better understanding of the roles of N-Ac-PGP
in the pathogenesis of IDD and facilitates the development of
anovel therapeutic approach targeting N-Ac-PGP to prevent or
retard the initiation and progression of IDD.
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