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Aims

Interleukin (IL)-1B is one of the major pathogenic regulators during the pathological de-
velopment of intervertebral disc degeneration (IDD). However, effective treatment options
for IDD are limited. Suramin is used to treat African sleeping sickness. This study aimed to
investigate the pharmacological effects of suramin on mitigating IDD and to characterize the
underlying mechanism.

Methods

Porcine nucleus pulposus (NP) cells were treated with vehicle, 10 ng/mlIL-18, 10 uM suramin,
or 10 yM suramin plus IL-1B. The expression levels of catabolic and anabolic proteins, proin-
flammatory cytokines, mitogen-activated protein kinase (MAPK), and nuclear factor (NF)-
kB-related signalling molecules were assessed by Western blotting, quantitative real-time
polymerase chain reaction (qRT-PCR), and immunofluorescence analysis. Flow cytometry
was applied to detect apoptotic cells. The ex vivo effects of suramin were examined using
IDD organ culture and differentiation was analyzed by Safranin O-Fast green and Alcian blue
staining.

Results

Suramin inhibited IL-1B-induced apoptosis, downregulated matrix metalloproteinase
(MMP)-3, MMP-13, a disintegrin and metalloproteinase with thrombospondin motifs (AD-
AMTS)-4, and ADAMTS-5, and upregulated collagen 2A (Col2a1) and aggrecan in IL-1B-treat-
ed NP cells. IL-1B-induced inflammation, assessed by IL-1, IL-8, and tumour necrosis factor a
(TNF-a) upregulation, was alleviated by suramin treatment. Suramin suppressed IL-1B-medi-
ated proteoglycan depletion and the induction of MMP-3, ADAMTS-4, and pro-inflammatory
gene expression in ex vivo experiments.

Conclusion

Suramin administration represents a novel and effectively therapeutic approach, which
could potentially alleviate IDD by reducing extracellular matrix (ECM) deposition and inhib-
iting apoptosis and inflammatory responses in the NP cells.
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metalloproteinase (MMP)-3, MMP-13, a
disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS)-4 and
ADAMTS-5, and downregulation of the
anabolic regulators aggrecan and type Il
collagen, contributing to the degradation
of disc matrix.

However, suramin treatment antago-
nized the IL-1B-induced extracellular
matrix destruction, and downregulation
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pulposus (NP) cells, and its underlying
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of aggrecan and type Il collagen, resulting in a reversal
of IL-1B mediated disc degeneration.

The attenuation of disc degeneration was associated
with a decrease in expression of cartilage-degrading
enzymes, apoptotic markers, and nuclear factor kappa
B (NF-kB) p65 transcriptional activity in disc NP cells.

Strengths and limitations

Our study may provide a new therapeutic option for
the prevention and reversal of IDD.

The effects of suramin on IDD were not tested in an
in vivo animal model. Although the complete phar-
macological effects of suramin remain unknown, the
results of this study suggested that the administration
of suramin could attenuate IDD progression.

Introduction

More than 70% of adults suffer low back pain (LBP) at a
certain point in their lifetime and approximately 5% of
the LBP population gradually becomes disabled,’ making
LBP a serious problem in global healthcare and causing a
socioeconomic burden. The intervertebral disc degenera-
tion (IDD) is a complex process and association of degen-
eration with LBP is not well understood. Several studies
have revealed that ageing, genetics, and intervertebral
disc (IVD) disruption may be pathologically associated
with IDD, causing LBP. To date, no effective IDD treat-
ments have been developed, and drug discovery for IDD
therapy is an urgent necessity. The IVD is composed of
three distinct morphological regions: the inner gelatinous
nucleus pulposus (NP), which is encompassed by the
peripheral fibrocartilaginous (AF), and the cartilaginous
endplates (CEPs). The cells in NP secrete fibrillar collagens
and the proteoglycan aggrecan that constituted intricate
extracellular matrix.? Those macromolecular assemblages
form a solid hydrodynamic system that bears compres-
sive strength, is able to withstand physical stress, and
provides biomechanical support to the spine.>*

The striking pathological features of IDD are caused
by an apoptosis-induced decrease in cell numbers,
the degradation of the extracellular matrix (ECM), and
altered cell phenotype. Interleukin (IL)-18 and other pro-
inflammatory cytokines, such as IL-6, IL-8, and tumour
necrosis factor (TNF)-a, are able to promote disc degen-
eration.>® Of those cytokines related to pathological
signalling pathways, the IL-13-mediated potential inflam-
matory pathway is as a potential inflammatory mecha-
nism contributing to IDD, and the role of IL-1B has been
examined in several ex vivo and in vitro studies. The stim-
ulation of NP cells with IL-1B activates the IL1B receptor,
which activates toll-like receptors (TLRs), such as TLR-2
and TLR-4, and results in the upregulation of IL-18, IL-6,
IL-8, IL-17, TNF-a, and cyclooxygenase (COX)-2 levels.>'°
In addition, proteases, such as matrix metalloproteinase
(MMP)-3, MMP-13, and the serine protease HTRAT, are
secreted at higher levels following TLR activation. With

the exception of IL-1 receptor 2 (IL-1R2), all members of
the IL-1 cytokine family cytokines and their receptors, and
the TLR family, contain a homologous intracellular TLR/
IL-1 R (TIR) signalling domain, allowing these proteins
to share similar functions.” Recently, translational
studies have indicated that TLR2 activation leads to IVD
degeneration.™

The matrix metalloproteinases (MMPs) and a disinte-
grin and metalloproteinase with thrombospondin motifs
(ADAMTS) are the major proteases for ECM degradation,
and increase during pathological development of IDD.
Proinflammatory cytokines, including IL-18, promote
ECM remodelling through enzymatic decomposition
mediated by the MMP and ADAMTS family proteins. A
previous study has reported that TNF-a and IL-1p upreg-
ulate ADAMTS-4 expression in NP cells through the
activation of nuclear factor-kappa B (NF-kB) and MAPK
signalling pathways.’" Additionally, other studies have
demonstrated that IL-18 treatment facilitates ADAMTS-5
synthesis in human NP cells by NF-kB signal pathway."
Both p38 MAPK and c-Jun N-terminal kinase (JNK) have
been found to be activated during the pathological
development of IDD in humans. In contrast, the disrup-
tion of these signalling pathways enables the evasion or
reduction of the effects of IL-18 to MMP-3 and MMP-13
messenger RNA (mRNA) expression.’ The upregulation
of miR-126 was found to be involved in IL-1B-induced
cell viability, migration, apoptosis, and inflammatory
response in human chondrocytes.” The exposure of
NP cells to IL-1B leads to apoptosis and morphological
changes'™ that might be associated with an increase in
oxidative stress.' Glutathione, a natural peptide, is a
powerful antioxidant in cells, and glutathione administra-
tion to human NP cells was able to prevent IL-1B-induced
apoptosis.? Li et al*' also reported that TNF-a induces an
inflammatory reaction in the NP cell, resulting in apop-
tosis mediated by the activation of the NF-kB signalling
pathway. In contrast, the A20 (also known as tumour
necrosis factor alpha-induced protein 3 (TNFAIP3)) is
a ubiquitin-editing enzyme that restricts NF-kB signal-
ling and subsequently prevents the occurrence of the
senescence of NP cells induced by TNF-a.?2 Therefore,
the mitogen-activated protein kinase (MAPK) signal-
ling and the NF-kB-dependent signalling are thought to
be involved in the development of IDD. In addition to
catabolic role in enhancing extracellular matrix break-
down, IL-1B can interfere with aggrecan transcription
and translation, further tipping the scales from anabo-
lism to catabolism.>?* Since 1916, suramin designed as
Bayer-205 or Germanin has been used to treat the human
African trypanosomiasis (sleeping sickness), which is
caused by the Trypanosoma brucei.** Other potential
therapeutic effects of suramin have since been explored
including antineoplastic,??¢ anti-inflammatiory,?” antiox-
idant,?® and anti-angiogenic activities.? Several studies
have documented that suramin is a multifaceted inhib-
itor able to abrogate multiple signalling pathways, and
extensive relevant effects have been reported in clinical
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applications.?*-32 Suramin can effectively suppress puri-
nergic receptors signalling including the P2 x 2, P2 x 3, P2
x 5,P2 x 7, and P2Y2 receptors, and interrupt WNT signal-
ling.?* Pharmacologically, suramin neutralizes various
growth factors, including platelet-derived growth factor
(PDGF), insulin-like growth factor-1 (IGF-1), epidermal
growth factor, vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (b-FGF), and transforming
growth factor-beta (TGF-B) to their receptors. As a conse-
quence, those cellular responses, such as endothelial cell
proliferation and migration, are no longer activated.?"3*
TGF-B signalling is important for the development and
growth of IVD and can play a protective role during IVD
tissue regeneration by upregulating ECM synthesis and
suppressing ECM catabolism, inflammatory responses,
and cell apoptosis. However, the overactivation of TGF-3
signalling can also be damaging to VD, and the inhibi-
tion of aberrant TGF-B signalling has been shown to delay
IDD.3* Other studies have reported that TGF-B might acti-
vate the B-catenin-mediated connective tissue growth
factor (CTGF) secretory pathway in NP cells to induce
IDD.3 IGF-1 can upregulate anabolism in IVD cells, stim-
ulating the production of proteoglycans (PGs) in the
ECM.3¢ The PDGF-BB isomer has been shown to abolish
apoptosis and collagen 3 (Col3) production, significantly
mitigating IDD. In contrast, an animal study by Osada et
al®” have shown that VEGF expression levels are signifi-
cantly upregulated in degenerative discs, correlating with
the degree of degeneration and the severity of LBP. Addi-
tionally, PDGF-BB abolishes apoptosis and Col3 matrix
production, and significantly mitigates disc degenera-
tion. However, one animal study has revealed that VEGF
expression levels are significantly higher in degenerative
discs and correlated with the degree of degeneration and
the severity of LBP.3® However, whether suramin affects
the growth factor-regulated signalling pathways thought
to mediate the pathological conditions underlying IDD
remains unclear. Suramin could mitigate the MMPs levels,
inhibit aggrecanases activity, and inactivate metallopro-
teinases tissue inhibitors of matrix metalloproteinases-3
(TIMP-3) and disrupt endocytosis induced by the activa-
tion of low-density lipoprotein receptor-related protein 1
(LRP1).3? In this study, suramin was found to increase the
ECM accumulation in cartilage in vitro and limit cartilage
loss in an animal model. According to the experimental
findings, the pharmacological effect of suramin in amelio-
rating IDD is speculated. However, the functional effect
and underlying mechanism of suramin for the alleviation
of IDD were speculated but remain unexplained. Thus,
the aim of the present study was to further investigate the
potential therapeutic effect of suramin for the prevention
and reversal of IDD.

Methods

Reagents and antibodies. Suramin and cycloheximide
were purchased from Sigma-Aldrich (USA). IL-1* was pur-
chased from Sino Biological Incorporation (China). The

RNA extraction kit reagent was purchased from Molecular
Research centre (USA); LipofectAMINE 2000 reagent was
from Invitrogen (USA); Annexin V-FITC apoptosis detec-
tion kit was obtained from Biovision (USA); TLR2-specific
agonist Pam3CSK4 was obtained from Abcam (Pam;
ab142085); TAK-242, a specific inhibitor of Toll-like re-
ceptor 4 signalling, was obtained from Merck (Germany);
and C29, a Toll-like receptor 2 (TLR2) inhibitor, was ob-
tained from MedChemExpress (USA). Antibodies against
ADAMTS-4, ADAMTS-5, aggrecan, MMP-3, MMP-13, p38,
phospho-p38, TLR2, myeloid differentiation factor 88
(MyD88), extracellular signal-regulated kinase (ERK1/2),
and B-Actin were purchased from Proteintech Group
(USA). Antibody targeting phospho-JNK and JNK1/2/3
were purchased from MyBioSource.com. Antibodies
against NF-kB (p65), p-p65 (ser536), cleaved poly-
adenosine diphosphate (ADP)-ribose polymerase (PARP),
and phospho-ERK were purchased from Cell Signaling
Technology (USA). Anti-collagen type Il (Col Il) and col-
lagen X antibody was obtained from Arigo biolaborato-
ries Corp (Taiwan). Antibodies against IL-1b, IL-8, and
TNF-a were from Boster biological technology (USA).
Protease and phosphatase inhibitors were purchased
from BIOTOOLS (Taiwan).

Isolation and culture of porcine NP cells. All animal experi-
ments were approved by the Hospital Institutional Review
Board (IRB). The lumbar spinal columns (L2-L6) of eight-
week-old rats were dissected and lumbar discs were col-
lected. The spinal discs from the same rats were pooled,
and the NP tissues were collected separately. After the
discs were separated, the attached ligament and connec-
tive tissue were removed under a dissecting microscope.
The spine was isolated within two hours of death and the
NP tissue was placed into an enzymatic solution (0.2%
collagenase) (Sigma-Aldrich) for four hours at 37°C. The
NP cells were collected and cultured in Dulbecco modi-
fied Eagle medium (DMEM)/F12 medium containing 10%
fetal bovine serum ((FBS), Sigma-Aldrich) and antibiotics
(1% penicillin/streptomycin) under standard conditions
(37°C, 5% CO,, and 20% O,). When cell numbers up
to 70% to 90% confluence, the cells were harvested by
using 0.25% Trypsin-ethylenediaminetetraacetic acid
(EDTA) (Gibco, Invitrogen). All experiments in this study
used NP cells from the third passage.

MTT assay. The cytotoxic effects of suramin on NP cells
were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. NP cells were
seeded in 24-well plates (2 x 10* cells/well), and suramin
added at various concentrations of O, 1, 5, 10, 50, and
100 uM; (Sigma-Aldrich) combined with or without IL-13
(Sino Biological) were added to the wells. The plates were
incubated for 72 hours, and then supplemented with
200 pl MTT solution (final concentration 2 mg/ml) and
incubated for another four hours. After the supernatant
was discarded, each well was added with 150 pl of di-
methylsulfoxide (DMSO) was added to each well, and the
plates were measured spectrophotometrically at 570 nm.
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Western blot. The NP cells were washed three times with
cold phosphate-buffered saline (PBS) and cell lysates
were extracted on ice. The total protein concentration of
different lysates was determined according to the Bio-Rad
Bradford Protein Assays kit (ThermoFisher) using bovine
serum albumin (BSA) as a standard. Equal amounts (40
ug protein per lane) of proteins were separated on an-
alytical 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvi-
nylidenedifluoride membrane (PerkinElmer) by a semid-
ry apparatus. Primary antibodies against the following
proteins were used: cleaved form PARP, aggrecan, IL-16,
IL-8, TNF-a, p-ERK1/2, ERK2, p65, p-p65 (ser536), p-p38,
p38, p-JNK1/2/3, JNK, TLR2, MyD88, and B-Actin were
employed as primary antibodies. Immunoblot analysis
was performed using secondary mouse or rabbit immu-
noglobulin G (IgG) antibody coupled with horseradish
peroxidase and detected by the Millipore ECL kit (Thermo
Fisher Scientific, UK). The densities of the immunoblots
were determined using an image analysis system installed
with a software BIO-ID (VilberLourmat, France).

RNA isolation and real time PCR. Total RNA was extract-
ed using RNAzol; 2 pg of purified total RNA was reverse-
transcribed by the Thermo Scientific Maxima First Strand
cDNA Synthesis Kit (ThermoFisher, USA) according to the
manufacturer’s instructions. Briefly, the solution was in-
cubated at 65°C for five minutes, it was mixed with first-
strand buffer, Dithiothreitol (DTT), and RNaseOUT in afinal
volume of 20 ul. Then, the solution was incubated at 42°C
for 60 minutes and then at 70°C for 15 minutes to inacti-
vate the reverse transcriptase activity. Real-time PCR was
conducted using the SYBR Green PCR Master Mix (Qiagen,
Germany) and was processed on a LightCycler PCR and
detection system (Roche Diagnostics, Switzerland). Each
reaction (20 pl) was run in duplicate and contained 1 pl
of cDNA template along with the following primer se-
quences: col2al, forward (ACTCCTGGCACGGATGGTC)

and reverse (CTTTCTCACCAACATCGCCC); aggre-
can, forward (CCCAACCAGCCTGACAACTT) and
reverse (CCTTCTCGTGCCAGATCATCA); col10al,

forward (TGAACTTGGTTCATGGAGTGTTTTA) and re-
verse (TGCCTTGGTGTTGGATGGT); gapdh, forward (
TCACGACCATGGAGAAGGCT) and reverse (CAGG
AGGCATTGCTGATGATC); sox5, forward (GGCCAAGC
AGCAGCAAGAACAG) and reverse (AGCTGAAGCCTG

GAGGAAGGAG); sox6, forward (CAGCCCTGTCAG
TCTGCCTAACA) and reverse (GCATCTTCCGAGCCTC
CTGAATAGC);  sox9, forward (GGCAATCCCAGG
GTCCACCAAC) and reverse (TGGTCGAACTCGTTGA
CGTCGAAG); mmp13, forward (ACCCAGGAGCCC
TCATGTTTCC) and reverse (CAGGGTTTCTCCTCGG

AGACTG); IL-1B8, forward (GTACATGGTTGCTGCCTGAA)

and reverse (CTAGTGTGCCATGGTTTCCA); IL-6,
forward (GGCAGAAAACAACCTGAACC) and re-
verse (GTGGTGGCTTTGTCTGGATT); IL-8, for-
ward (TAGGACCAGAGCCAGGAAGA) and re-
verse (CAGTGGGGTCCACTCTCAAT); TNFa,
forward (ACTGCACTTCGAGGTTATCG) and reverse (

GCTGGTTGTCTTTCAGCTTC); and macrophage migration
inhibitory-1(MIF),forward (CGTGCGCCCTTTGCAGTCTG)
and reverse (TGGCCGCGTTCATGTCGTAG). Cycling
parameters were 95°C for 15 minutes to activate DNA
polymerase, followed by 40 cycles of 95°C for 15 sec-
onds, 60°C for 20 seconds, and 72°C for 30 seconds.
Melting curves were generated at the end of the reaction.
Threshold cycles (C) for each gene tested were normal-
ized to the housekeeping glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene value (AC) and every ex-
perimental sample was referred to its control (AAC). Fold
change values were expressed as 2-22C.

Cell death analysis. Cell death was evaluated by flow
cytometry after staining with fluorescein isothiocyanate
(FITC)-conjugated Annexin V and 0.5 pg/ml propidium
iodide (PI). An Annexin V-FITC apoptosis detection kit
(Biovision, USA) was used to detect early apoptosis ac-
cording to the manufacturer’s instructions, with slight
modifications. The NP cells were harvested and washed
twice with ice-cold PBS and resuspended in 100 pl
of binding buffer. Annexin V (5 pl) and PI (10 pl) were
added and the mixture was incubated for 15 minutes in
the dark. Finally, 400 pl of binding buffer was added to
the cells, the mixture was analyzed with a flow cytom-
eter (FACSCalibur; BD Biosciences) and analyzed with
CellQuest (BD Biosciences, USA) software. Results were
represented as a percentage of the total cell count.
Transfection and luciferase reporter assay. Disc NP cells
were subcultured in a 12-well plate for 24 hours before
transfection at a density of 8 x 10* cells in 0.5 ml of fresh
culture medium per well. They were then transfected
with pNF-kB-luc (Promega, USA), which contains NF-kB
binding motifs (GGGAATTTCC), by using Lipofectamine
2000. For use in transfection assay, plasmids were mixed
with Lipofectamine 2000 reagent in 0.5 ml of Opti-MEM
medium (Thermo Fisher) and then incubated at room
temperature for 20 minutes. Cells were incubated in the
mixture at 37°C in a humidified atmosphere of air/CO,
(19:1) for another 48 hours. Next, the cells were pretreat-
ed with suramin (0, 10 uM) for one hour and stimulated
with IL-18 (10 ng/ml) for another two hours, then lysed
for the measurement of luciferase activity as described
previously by Huang et al.>® The luciferase activity was
determined and normalized with the amount of total pro-
tein. Values are means and standard deviations (SDs) for
three determinations (p < 0.05, p < 0.05, and p < 0.001
compared with vehicle).

Pellet cultures. The cells were cultured as a 3D pellet
using a method described by Kato et al.*° Briefly, pellet
cultures were prepared by adding 1 x 10¢ cells in 2 ml
DMEM-F12 medium to 15 ml conical polypropylene (PE)
centrifuge tubes. The cells were pelleted by centrifuga-
tion at 400 x g for five minutes at room temperature. The
cell pellets were cultured in the same centrifuge tubes,
with loosened lids, at 37°C and 5% humidified CO,. The
pellets were also maintained in medium without (con-
trol) or with the addition of various dosages of suramin
and IL-1pB.
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Total glycosaminoglycans quantification. Total  sul-
fated glycosaminoglycans (GAG) content was de-
termined in cell pellet and media samples by using
1,9-dimethylmethylene blue (DMMB; Polysciences).
Chondroitin sulfate C from shark cartilage was used as
a reference. Briefly, 100 ul of the digested sample was
combined with 1 ml dimethylmethylene blue dye solu-
tion, and the absorbance was immediately measured at
656 nm. DNA was measured using Hoechst 33,258 dye
(Thermo Fisher). Briefly, 10 pl of the digested sample was
combined with 200 pl Hoechst dye solution (0.7 pug/ml).
Fluorescence measurements were taken with an excita-
tion wavelength of 340 nm and emission wavelength of
465 nm. A standard curve was generated using calf thy-
mus DNA. The GAG content was normalized against the
amount of DNA measured in each sample.

Ex vivo analysis using organ culture model. Ten eight-
week-old male Sprague-Dawley rats (n = 10 spines, 20
discs) were euthanized and the total of 20 entire discs in-
cluding the NP, annulus fibrosus, and vertebral endplates
were dissected and harvested under sterile conditions
for ex vivo organ culture. Briefly, the lumbar spine was
approached through an abdominal midline incision, and
further dissection was performed through the posterior
abdominal wall to directly visualize the L3-L6 IVDs. The
isolated discs showed no signs of degeneration (grade 0).
The discs were cultured in DMEM/F-12 medium for sev-
en days supplemented with 10% FBS, and 1% penicillin/
streptomycin in the presence or absence of recombinant
rat IL-18 (100 ng/ml) or 10 uyM suramin. We have includ-
ed an ARRIVE checklist to show that we have conformed
to the ARRIVE guidelines.

Alcian blue staining. After three days in culture, the 3D
cell pellets were rinsed with phosphate-buffered saline
(PBS), fixed for 20 minutes in 4% paraformaldehyde, and
rinsed again with PBS. Pellet cultures were stained over-
night with Alcian blue (Sigma-Aldrich Chemie, Germany),
pH 1.0, and photographed. Pellets were processed into
10 pm sections, which were then photographed.
Histological analysis. Ten of the spines from Sprague-
Dawley rats were harvested. A total of 20 entire discs
were divided into four groups. Group 1: control (n = 5),
Group 2: disc incubated with IL-18 (n = 5), Group 3: disc
incubated with IL-18 combined with suramin (n = 5), and
Group 4: disc incubated with suramin (n = 5). After seven
days, the harvested discs were fixed in 4% paraformalde-
hyde and then decalcified in EDTA. The decalcified discs
were embedded in paraffin for sectioning. Serial mid-
sagittal sections of discs (5 pm-thick) were obtained to
prepare slides. Safranin O-Fast green was used to identify
presence of proteoglycan matrix and Alcian blue to detect
accumulation of GAG. For immunohistochemistry (IHC),
paraffin sections were dewaxed in xylene and rehydrated
in ethanol baths. Endogenous peroxidases were blocked
by incubating the sections in 3% hydrogen peroxide for
30 minutes at room temperature. The sections were incu-
bated with anti-IL-1B, IL-8, TNFa, MMP-3, and ADAMTS-4
primary antibody overnight at 4°C and then incubated

with a biotinylated secondary antibody for ten minutes
at room temperature. 3,3'-Diaminobenzidine (DAB) chro-
mogen substrate was used to detect antibody binding
and sections were counterstained with haematoxylin, de-
hydrated in xylene, and mounted. The staining intensity
was expressed as the integral optical density (IOD), which
was analyzed using Image-Pro Plus software (Version 5.1,
Media Cybernetics, USA) with the same linear calibration
for all sections.

Statistical analysis. A representative result is presented
— each sample was independently tested at least three
times. Significant differences were evaluated using the
independent-samples t-test. All values are displayed as
means and standard deviations (SDs) for three determi-
nations (*p < 0.05; **p < 0.01; ***p < 0.001 compared
with vehicle).

Results

Suramin counteracted the catabolic effect of IL-1B on
proteoglycans accumulation in porcine NP cells. To ac-
cess the toxic effect of suramin treatment in NP cells, the
MTT assay was applied to determine cell survival rate.
Treatment with suramin at concentrations under 10 uM
appeared to be non-toxic to NP cells after 72 hours of ex-
posure (Figure 1a). We further tested the effects of higher
suramin concentrations to determine whether suramin
treatment induced cell senescence or cell death. As noted
in Figure 1b, suramin had a dose-dependent cytotoxic ef-
fect, as demonstrated by the flow cytometry evaluation of
apoptosis according to Annexin V and Pl staining (1.71%
for control, 6.42% for 50 uM suramin, 10.86% for 100 uM
suramin). We further investigated the cellular senescence
using an acidic beta-galactosidase assay in the NP cells
that underwent suramin administration. As displayed in
Figure 1c, the proportion of X-gal-positive NP cells (25%)
in the control cells was larger than those in NP cells treat-
ed with suramin (50 pM and 100 uM, 9.8% and 7.5%,
respectively). Based on these results, 10 uM suramin
was chosen as the appropriate dose for the following
experiments.

When NP cells with IL-13 were exposed to suramin, the
suramin administration was able to increase proteoglycans
synthesis (Figure 1d, upper panel). Next, we investigated
the biological effects of suramin on suppressing IL-1B-in-
duced ECM degeneration. As noted in Figure 1d, IL-13
inhibited glycosaminoglycan production but the suramin
restored ECM production in the NP cells being exposed in
IL-1B inhibition by Alcian blue staining (Figure 1d, lower
panel). Our results showed that suramin inhibited the
matrix catabolism in IL-1B-treated NP cells’ ECM.
Suramin alters the anabolic and catabolic gene expression
induced by IL-1B. We further investigated the biological
effect of suramin treatment on ECM anabolic and cata-
bolic gene expression in the NP cells being exposed to
IL-18. The mRNA and protein levels of aggrecan, colla-
gen 2A (Col2al), Col10a1, SRY-Box Transcription Factor
5 (Sox5), Sox6, Sox9, MMP-3, MMP-13, ADAMTS-4, and
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Fig. 1

Effect of suramin on cell viability and proteoglycan and glycosaminoglycan (GAG) expression in nucleus pulposus (NP) cells. a) The viability of suramin-
treated NP cells, as measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay at 72 hours (n = 3). b) NP cells were treated
with or without suramin for 72 hours. The percentage of Annexin V/propidium iodide (PI)-positive cells was shown represented in the boxed region (n = 3).
c) The NP cells were treated with various doses of suramin as indicated for 72 hours and the senescence-associated B-galactosidase (SA-B-gal) activity was
detected. A representative photomicrograph of the SA-B-gal assay is shown. The percentages of B-galactosidase-positive cells (n each group were compared
and are illustrated in the histogram (n = 6 in each experiment). d) Alcian blue staining was used to examine the effects of interleukin (IL)-18 and suramin on
glycosaminoglycan expression in pellet culture of NP cells (n = 3). **p < 0.01, ***p < 0.001.

ADAMTS-5 transcripts and protein expression levels were
determined by using qRT-PCR and western blot analy-
sis, respectively. The mRNA levels of Col2al, aggrecan,
Col10a1, Sox5, Sox6, and Sox9 were significantly reduced
in cells exposed to IL-1B (Col2a1, control vs IL-1B-treated:
1 (SD 0.01) vs 0.5 (SD 0.12); aggrecan, control vs IL-1pB-
treated: 1 (SD 0.02) vs 0.55 (SD 0.03) fold; Col10a1, con-
trol vs IL-1B-treated: 1 (SD 0.01) vs 0.61 (SD 0.1); Sox5,
control vs IL-1B-treated: 1 (SD 0.01) vs 0.9 (SD 0.01) fold;
Sox6, control vs IL-1B-treated: 1 (SD 0.01) vs 0.78 (SD
0.09)). No changes were observed in the mRNA levels
of Col2al, Sox5, Sox6, and Sox9 following suramin treat-
ment in NP cells exposed to IL-18 (Figures 2 and 3a). In
contrast, suramin treatment reversed the IL-1B-induced
downregulation of aggrecan mRNA expression in NP cells
(control vs IL-1B-treated vs IL-13+ suramin: 1.0 (SD 0.1) vs
0.55 (SD 0.03) vs 0.81 (SD 0.1)) (Figure 3a), and almost
completely rescued aggrecan protein expression level
in the IL-1B-treated NP cells (control vs IL-1B-treated vs
IL-18+ suramin: 1.0 (SD 0.2) vs 0.4 (SD 0.05) vs 0.8 (SD
0.11)) (Figure 3c). On the other hand, the IL-1B treatment
induced ADAMTS-4, ADAMTS-5, MMP-3, and MMP-13
protein expression levels in NP cells, the suramin ap-
peared to effectively blunt IL-18 signalling in downregu-
lation of ADAMTS-4, ADAMTS-5, MMP-3, and MMP-13 in
NP cells (ADAMTS-4, IL-1pB treated vs IL-1B+ suramin: 1.7
(SD 0.1) vs 1.1 (SD 0.12); ADAMTS-5, IL-1 treated vs IL-13+
suramin: 1.5 (SD 0.2) vs 1.1 (SD 0.1); MMP-3, IL-1 treated
vs IL-1B+ suramin: 2.9 (SD 0.3) vs 1.3 (SD 0.21); MMP-13,

IL-1 treated vs IL-1B+ suramin: 2.4 (SD 0.17) vs 1.5 (SD
0.03)) (Figure 3¢, Supplementary Figure a). These results
clearly demonstrated the biological effects of suramin
that can effectively turn down IL-1B signalling associat-
ed ECM catabolic proteases expression, and restore ECM
components expressions.

Suramin protects against IL-1B-induced apoptosis in por-
cine NP cells. The pharmacological effects of suramin
were assessed in terms of the prevention of IL-1B-induced
irreversible cell injury and apoptosis. As noted in Figure 4,
IL-18 exposure results in an approximately five-fold re-
duction in cell viability compared with the untreated
group, and cell viability was rescued by suramin treat-
ment (Figure 4a). In parallel, flow cytometric analysis by
Annexin V/Pl was performed to determine whether cell
death was due to either necrosis or apoptosis. The admin-
istration of IL-13 (10 ng/ml) to NP cells for 72 hours mark-
edly increased apoptosis (to about 38%) while suramin
treatment significantly inhibited IL-1B-induced apoptosis
(p=0.049, independent-samples t-test), with only 11% of
apoptotic cells detected (Figure 4c). To evaluate the cell-
protective effects of suramin against IL-1B-induced apop-
tosis, activated PARP protein expression was examined by
western blot analysis. As shown in Figure 4b, active PARP
expression increased after IL-1 induction compared with
untreated controls. In contrast, active PARP expression
was reduced following suramin treatment. Our data sug-
gested that suramin rescued NP cells from IL-1B-induced
apoptosis.
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Fig. 2

Effect of suramin on interleukin (IL)-1B-induced anabolic and catabolic factors expression in nucleus pulposus (NP) cells. Sub-confluent NP cells were
pretreated with 10 pM suramin for one hour, and then followed by treatment with 10 ng/ml IL-1B for 24 hours. Total RNA were extracted for real-time
polymerase chain reaction analysis of collagen 2A (Col2a1), aggrecan, Col10a1, SRY-Box Transcription Factor 5 (Sox5), Sox6, Sox9, a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS)-4, ADAMTS-5, matrix metalloproteinase (MMP)-13, and MMP-3 messenger RNA (mRNA)
expression. Data represent means and standard deviations (n = 3 to 5) (**p < 0.01, ***p < 0.001 compared with untreated control or IL-1p treated group).
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MMP3 MMP13

Effect of suramin on interleukin (IL)-1B-induced anabolic and catabolic factors expression in nucleus pulposus (NP) cells. a) Western blotting of protein levels
of matrix metalloproteinase (MMP)-3, MMP-13, a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4, and ADAMTS-5 in NP cells
treated with suramin combined with or without interleukin (IL)-18 (10 ng/ml) for 24 hours (n = 3 to 5). b) Semi-quantitative analysis of the protein levels of
collagen 2A (COL2AT), ADAMTS-4, ADAMTS-5, MMP-3, and MMP-13. #p < 0.05, ##p < 0.01, ###p < 0.001 versus control group; *p < 0.05, **p < 0.01, ***p <
0.001 versus IL-18 group. SOX9, SRY-Box Transcription Factor 9.
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Effect of suramin on interleukin (IL)-1B-induced apoptosis in nucleus pulposus (NP) cells. a) The NP cells were treated with 10 ng/ml IL-18, 10 uM suramin,

or suramin plus IL-1B for 72 hours and cell viability was determined by 3-(4,5-di
are expressed as the mean and standard deviation of triplicate measurements (*

methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Values
**p < 0.001 compared with untreated control). b) Western blot was used

to measure the protein levels of cleaved polyadenosine diphosphate-ribose polymerase (PARP) in NP cells treated with 10 ng/ml IL-18, 10 uM suramin, or
suramin plus IL-1p for 72 hours. c) NP cells were cultured in the absence or presence of IL-1B with or without the addition of suramin. The percentages of

Annexin V/propidium iodide (PI)-positive cells are shown, represented in the bo

Suramin inhibits the IL-1B-induced activation of the NF-
kB signalling pathway in porcine NP cells. To verify the
molecular mechanism through which suramin disrupted
IL-1B-induced pathological signalling in NP cells, we ex-
amined the MAPK and NF-kB signalling pathway, which
are both known to be activated by IL-18 induction. In the
NP cells, the IL-1B-induced phosphorylation of ERK and

xed regions (n = 3). ¢, control.

p38 started ten minutes after IL-1B stimulation, and this
activated state was sustained for at least 60 minutes. In
contrast, the JNK signalling pathway was not activated
by IL-18 stimulation. Suramin was unable to attenuate
the IL-1B-stimulated phosphorylation of ERK and p38
(Figure 5c). In contrast, suramin treatment was able to
reduce the IL-1B-activated phosphorylation of NF-kB at
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Fig. 5

Effect of suramin on interleukin (IL)-1B-induced mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-kB signalling pathway activation in nucleus
pulposus (NP) cells. a) Cells were treated with or without 10 uM suramin for one hour before IL-1f treatment (10 ng/ml) for ten minutes. NF-kB localization
was determined by immunofluorescence analysis. b) The NP cells were treated with 10 ng/ml IL-18, 10 uM suramin, or suramin plus IL-1 for ten, 20, or

30 minutes. The total protein and phosphorylation levels of NF-kB in NP cells were detected using western blotting (n = 3 to 5). c) NP cells cultured in the
absence or presence of IL-1B, with or without the addition of suramin for ten, 30, or 60 minutes. Cells were then collected and total protein extracted. The
expressions of phosphorylated extracellular signal-regulated kinase (p-ERK), p-p38, phosphorylated c-Jun N-terminal kinase (p-JNK), ERK, p38, and JNK

were detected by immunoblotting. Antibody to B-Actin was used as loading control (n = 3 to 5). d) Cells were transfected with NF-kB luciferase plasmid by
using lipofection method as described in the Methods section. Cells were pretreated with different doses of suramin for 60 minutes, and then incubated
with 10 ng/ml IL-1B for four hours. The luciferase activity was determined and normalized with the amount of total protein. Values are means and standard
deviations of triplicate measurements (**p < 0.01 compared with untreated control or IL-B treated group). e) Sub-confluent cells were pretreated with 10 uM
of suramin for one hour, and then followed by treatment with 10 ng/ml IL-1 for 24 hours. Total cell lysates were analyzed by immunoblot using anti-Toll-like
receptor 2 (TLR2) and MyD88 antibody (n = 3). f) Cells were pretreated with 10 uM of suramin for one hour followed by treatment with 10 ng/ml IL-1 for
24 hours. Total RNA were extracted for real-time polymerase chain reaction analysis of TLR2 messenger RNA (mRNA) expression. The level of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA verified loading of an equivalent amount of RNA (n = 5) (***p < 0.001 compared with untreated control or IL-3
treated group). g) NP cells were pretreated with 10 pM of suramin for one hour, followed by treatment with 400 ng/ml Pam3CSK4 for 24 hours. Total cell
lysates were analyzed by immunoblot using TLR2, p65, p-p65(ser536), and MyD88 antibodies (n = 3). h) NP cells were pretreated with 10 M of suramin for
one hour, followed by co-treatment with 400 ng/ml Pam3CSK4, 50 uM C29, or 10 uM transforming growth factor-beta-activated kinase for 24 hours. Total
cell lysates were analyzed by immunoblot using TLR2, p65, p-p65(ser536), and MyD88 antibodies (n = 3). DAPI, 4',6-diamidino-2-phenylindole.

ser536 (Figure 5b), suggesting that suramin interrupted
the IL-1B-mediated activation of NF-kB signalling, but not
MAPK signalling. Because the translocation of NF-kB into
nucleus is a prominent characteristic of NF-kB activation,
the effects of suramin on IL-1B-induced nuclear transloca-
tion of NF-kB were examined. In the NP cells without IL-13

treatment, NF-kB was predominantly distributed in the
cytoplasm, and the IL-1B induction resulted in the trans-
location of the NF-kB to the nucleus. Instead of nuclear
localization of NF-kB under IL-1f induction, the suramin
exposure resulted in the absence of NF-kB in the nucle-
us (Figure 5a). To verify the biological effect of suramin
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Effect of suramin on interleukin (IL)-1B-induced proinflammatory cytokines production. The nucleus pulposus (NP) cells were treated with or without 10 ng/
ml IL-1B for 24 hours, following pretreatment with vehicle or suramin for 10 uM suramin for 24 hours. Total RNA were extracted for real-time polymerase
chain reaction analysis of IL-1B, IL-6, IL-8, tumour necrosis factor alpha (TNF-a), and macrophage migration inhibitory-1 (MIF) messenger RNA (mRNA)
expression. *p < 0.05, ***p < 0.001. All data are shown as the mean and standard deviation (n = 3 to 5), and were analyzed by independent-samples t-test.

on the suppression of the IL-1B-induced NF-kB activation,
NF-kB-dependent transcription was examined using the
luciferase activity assay. The IL-1B-stimulated luciferase-
reporter activity was also reduced by suramin treatment
in a dose-dependent manner (Figure 5d). In addition to
the IL-1B-associated inflammatory reaction, IL-1B acti-
vates the toll-like receptor (TLR)-2/MyD88/NF-kB signal-
ling cascade which drives the expression of inflammatory
cytokines.*! Thus, we examined the effects of suramin on
the TLR2/MyD88 signalling pathway in IL-1B-treated NP
cells. As shown in Figure 5f, compared with the protein ex-
pression levels of TLR2 and MyD88 in the control group,
the protein expression level of TLR2 and MyD88 were up-
regulated in the IL-1B-treated NP cells; however, the IL-13
signalling to upregulation of TLR2 and MyD88 in NPCs
was abolished after suramin administration. In contrast,
the upregulation of TLR2 and MyD88 was abolished by
suramin administration (Figure 5f). The IL-1B-mediated
increase in TLR2 mRNA expression was also attenuated
by suramin treatment (Figure 5f). To further corroborate
the protective effects of suramin on the suppression of
the TLR2/NF-kB signalling pathway in NP cells, we exam-
ined MyD88, a downstream effector of TLR2/NF-kB sig-
nalling, following the administration of the TLR2-specific
agonist Pam3CSK4. As shown in Figure 5g, Pam3CSK4 ef-
fectively increased the expression levels of TLR2, MyD88,
and p-p65 in NP cells compared with the levels in the
control group. However, suramin treatment inhibited the
Pam3CSK4-mediated upregulation of TLR2, MyD88, and
p-p65 in NP cells. In addition, C29 (50 uM) and TAK 242

(10 pM), which are TLR2 and TLR4 inhibitors, respective-
ly, were used to dissect the effects of suramin treatment
on TLR2 and TLR4 signalling. Treatment with both C29
and TAK 242 markedly decreased the MyD88 and p-p65
expression levels compared with the levels in control cells
(Figure 5h). Consistently, suramin administration had a
similar effect, reducing MyD88 and p-p65 protein expres-
sion in NP cells treated with IL-1B. The inhibitory effects of
suramin against the TLR2/NF-kB signalling pathway ame-
liorate IL-1B-induced NP cell degeneration.

Suramin exerts an anti-inflammatory effect. An
abnormal inflammatory reaction is a pathological feature
observed during the pathological progression of IDD,
characterized by an increase in proinflammatory cyto-
kine secretion by NP and AF cells and the presence of
infiltrating immune cells in the IVD. These inflamma-
tory cytokines, especially TNF-a and IL-18, can promote
abnormal ECM remodelling through the downregulation
of Col2 and aggrecan expression and the upregulation
of Col1.4>** To validate the anti-inflammatory effects of
suramin against IL-1p-mediated inflammatory reactions,
as shown in Figure 6, the expression levels of IL-1B, IL-6,
IL-8, and TNF-a were examined. These proinflamma-
tory mediators were upregulated after IL-18 stimulation,
whereas the expression levels of IL-18, IL-8, and TNF-a
were reduced by suramin administration. The western
blotting analysis showed that suramin treatment could
partially reduce the IL-1B-induced increase in IL-1B, IL-8,
and TNF-a protein expression in NP cells (Figure 7).
These data were consistent with the qRT-PCR results.
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Fig. 7

Effect of suramin on interleukin (IL)-1B-induced proinflammatory cytokines production. Nucleus pulposus (NP) cells were treated with 10 ng/ml IL-18 for
24 hours, following pretreatment with vehicle or 10 uM suramin for one hour. The cell lysates were collected for western blot to measure the IL-1, IL-8, and
tumour necrosis factor alpha (TNF-a), respectively. The expression of glyceraldehyde 3-phosphate dehydrogenase (gapdh) or B-actin was used as an internal

control of real-time polymerase chain reaction or Western blot, respectively.

Therefore, we suggested that suramin protected against
IDD through the inhibition of inflammatory cytokine
release by NP cells.

Suramin prevented NP degeneration in ex vivo disc organ
culture. To determine the pharmacological effects of
suramin on the NP cells, an ex vivo IVD organ culture was
generated and the Safranin O-Fast green staining was
used to evaluate the density of PGs in the discs. As not-
ed in Figure 8a (upper panel), PGs content in the group
treated with IL-18 was markedly reduced compared
with that in the control group. However, PG expression
was markedly increased by treatment with suramin.
Furthermore, the alcian blue staining analysis revealed a
deep staining pattern in the control group; however, in
the IL-1B treatment groups, the blue staining faded. In
the group co-incubated with IL-18 and suramin, the IVD
maintained the loss of staining intensity induced by IL-
1B, which indicated a significant improvement in the PG
content (Figure 8a, middle panel). Next, an IHC analysis

was used to investigate the matrix-degrading enzymes
expressed in the NP tissues from the rat ex vivo model.
Consistent with the in vitro results, immunostaining for
IL-1B, TNF-a, IL-8, ADAMTS-4, and MMP-3 in the IL-1pB-
treated group was increased compared with that in the
control group, whereas staining decreased in the suramin
group (Figure 8a, lower panel, and Figure 8b). Thus, we
speculated that the suramin-mediated inhibition of ECM
destruction, which was associated with changes in pro-
tein expression and the blockade of IL-18, TNF-a, and IL-8
release by NP cells, represents the molecular mechanism
through which suramin effectively prevented IDD in the
rat ex vivo model.

Discussion

The anti-inflammatory and anti-apoptotic pharmacolog-
ical effects of suramin have been demonstrated in a variety
of cell types.** In this study, we examined the thera-
peutic effects of suramin on IDD. Ourin vitro experimental
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Effect of suramin on nucleus pulposus (NP) matrix degeneration in an ex vivo rat NP model. a) The rat discs were dissected and incubated with vehicle

(n =5) or interleukin (IL)-18 (100 ng/ml) (n = 5), combined with or without suramin for seven days. Harvested discs were fixed in 4% paraformalin, and

then decalcified followed by paraffin embedment. Serial disc sections of exactly 5 um thickness were prepared for slides, and Safranin O-fast green (upper
panel) and alcian blue (middle panel) staining was performed. Immunocytochemical analysis of IL-1B, IL-8, tumour necrosis factor alpha (TNF-a), matrix
metalloproteinase (MMP)-3, and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 in NP sections of discs (lower panel). b)
Relative staining intensity in the disc NP matrix of mice that were treated with vehicle (n = 5) or IL-18 (100 ng/ml) (n = 5) combined with (n = 5) or without (n
=5) suramin for seven days. *p < 0.05, **p < 0.01, *"p < 0.001. c, control.
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Effect of suramin on interleukin (IL)-1B-induced proinflammmatory cytokines production. a) The nucleus pulposus (NP) cells were treated with or without 10
ng/ml IL-1B for 24 hours, following pretreatment with vehicle or suramin for 10 pM suramin for 24 hours. Total RNA were extracted for real-time PCR analysis
of IL-1B, IL-6, IL-8, tumour necrosis factor alpha (TNF-a), and macrophage migration inhibitory-1 (MIF) messenger RNA (mRNA) expression. b) NP cells were
treated with 10 ng/ml IL-1B for 24 hours, following pretreatment with vehicle or 10 uM suramin for one hour. The cell lysates are collected for western blot
to measure the IL-1, IL-8, and TNF-q, respectively. The expression of glyceraldehyde 3-phosphate dehydrogenase (gapdh) or B-actin was used as an internal
control of real-time polymerase chain reaction or western blot, respectively. *p < 0.05, ***p < 0.001. All data are shown as the mean and standard deviation

(n =3 to 5) and were analyzed by independent-samples t-test.

data suggested that NP cells induced towards patholog-
ical tendencies by IL-13 administration could be rescued
by suramin treatment, including the downregulation of
ECM-destructive proteins, such as ADAMTS-4, ADAMTS-5,
MMP-3, and MMP-13, and the upregulation of aggrecan
(Figure 3c). Consequently, disc degeneration could be
alleviated by suramin treatment. Several studies have
documented that IL-18 signalling serves as the patholog-
ical pathway associated with IDD by increasing protease
expression in NP cells, and that the inactivation of NF-kB
signalling could reverse the IL-1B-mediated upregu-
lation of MMP-3, MMP-13, ADAMTS-4, and ADAMTS-
5.4%%0 |n the present study, we demonstrated that
suramin was able to disrupt the IL-1B-activated the NF-kB
pathway in disc NP cells. Additionally, the IL-1B-induced

protein expression of MMP-3, MMP-13, ADAMTS-4, and
ADAMTS-5 was also mitigated by co-treatment with
suramin, although the mRNA levels of these components
were not affected. These findings implied that suramin
did not directly affect the transcriptional regulation of
these tissue destruction-associated genes. The observed
changes in protein expression levels might be regulated
by certain post-transcriptional mechanisms, instead of
increasing their transcripts.

We also proposed the possibility that catabolic
proteins, including MMPs and ADAMTS, can be depos-
ited outside of the cells. In particular, the western blot
and real-time PCR can detect these proteins and tran-
scripts in the cell lysate but cannot precisely confirm that
these proteins are inside or outside of cells. Our results
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are consistent with documented literature that has shown
that the suramin treatment results in ECM accumulation
in chondrocytes without affecting the mRNA levels of
MMP-13, ADAMTS-4, and MMP-9.33 In other literature,
suramin was able to inactivate heparanase, which func-
tions in the degradation of extracellular matrix heparan
sulfate proteoglycans (ECM HSPG).’" Whether the enzy-
matic activities of TIMP-3 or heparanase in NP cells are
inhibited by the suramin treatment remains unclear.

We demonstrated that suramin treatment markedly
attenuated the IL-1B-induced upregulation of IL-18, IL-8,
and TNF-a transcription and translation in the NP cells
(Figure 9). A variety of proinflammatory cytokines, such
as IL-1B, IL-6, IL-8, and TNF-a, have been found to be
significantly elevated in IDD.>? These proinflammatory
cytokines mediate ECM catabolism and trigger inflamma-
tion, finally resulting in IVD deterioration.? The suppres-
sion of proinflammatory cytokine production is one
potential method for preventing or attenuating IDD. We
have demonstrated that cytokine stimulation in NP cells
promotes macrophage infiltration through the p38 MAPK
signalling pathway activation of chemokine ligand 3
(CCL3) expression.™ Infiltrated macrophage might prog-
ress severe inflammatory condition in the disc cells, by
which the cells might progress apoptosis and disc may
progress to degeneration.** Indeed, the activated macro-
phages can be categorized into two distinct phenotypes,
namely classically activation M1 and the alternative
activation M2. The macrophages with M1 activation
produce a high level of proinflammatory factors such as
IL-6, IL-12, and TNF-a, whereas the macrophages with
M2 activation secreted the cytokines IL-10 and CCL18.
The degenerated NP cells can produce TNF-q, IL-1B,
and monocyte chemotactic protein-1 (MCP-1) to direct
macrophage upon M1 actibation in IDD.** It has been
reported that suramin blocks extracellular ATP-mediated
autocrine signalling in the macrophages that underwent
stimulation of lipopolysaccharide (LPS), and secrete cyto-
kine (IL-1B) and chemokine (CCL-2).5#%> Those results
hint that suramin might regulate the innate immune
response and switch the macrophage polarization in
IDD. Besides, NF-kB signalling is evitable of regulating
several proinflammatory cytokine genes expression.
Without cytokine stimulation, NF-kB is sequestered in
the cytoplasm by interaction of NF-kB-inhibitory protein,
IkB with NF-kB.*¢” Upon cytokine stimulation, IkB kinase
(IKK) phosphorylates IkB, subjecting IkB to proteasomal
degradation.*® The unbound NF-kB translocates to the
nucleus, where it actively regulates a wide spectrum of
target gene expression. To gain insight into the molecular
mechanisms underlying the anti-inflammatory effects of
suramin in degenerating NP cells, we investigated the
nuclear translocation of NF-kB. Our results showed that
NP cells co-treated with suramin showed the substantial
suppression of IL-1B-induced NF-kB nuclear translocation
(Figure 5a). We then examined the phosphorylation of
NF-kB at the IKK phosphorylation site serine 536, which
is known to be required for the activation and nuclear

translocation of NF-kB.>* NF-kB phosphorylation at serine
536 increased in NP cells exposed to IL-18 and decreased
when the cells were treated with suramin (Figure 5b). The
protective anti-inflammatory effects of suramin against
NP degeneration were partially due to the disruption
of NF-kB signalling. In this study, suramin mitigated the
IL-1B-induced transcription and translation of IL-1B, IL-8,
and TNF-a. We further surveyed the transcription factor
database (TRANSFAC) and identified several consensus
sequences for NF-kB binding in the IL-18, IL-8, and TNF-a
promoters, suggesting that NF-kB might regulate the
transcription of IL-1B, IL-8, and TNF-a.

Suramin treatment mitigated the pathological effects of
IL-18 on cell death in NP cells (Figure 4). A variety of NP cells
synergistically adapt their physiological activities to meet
the physiological demands of IVDs; therefore, when cell
death occurs in IVDs, the population-based harmony might
be disrupted, resulting in IDD.®%¢" Mounting evidence has
suggested that excessive mechanical stress, oxidative stress,
and disordered cytokines can induce cell death in IVDs.2%62
In this study, we demonstrated that suramin could down-
regulate proinflammatory cytokine production and abolish
the NF-kB pathway (Figures 5 and 9). These data charac-
terized the molecular mechanism through which suramin
suppressed the pathological induction of apoptosis by IL-18.
In addition to inflammation, suramin also acts as a reactive
oxygen species (ROS) scavenger and an inhibitor of nitric
oxide, which is characterized in a variety of tissues, such as
the joints, liver, spleen, and kidneys.? In addition, suramin
has been shown to display antioxidative effects and increase
cell survival in NP cells exposed to H,O,, which suffered from
cell death through both intrinsic and extrinsic apoptotic path-
ways without suramin treatment.%® Nitric oxide is the typical
source of ROS in NP cells, generated by excessive mechan-
ical force and the proinflammatory cytokine IL-13.545 In the
present study, we also found that suramin inhibited IL-1(3-in-
duced ROS production in porcine NP cells. Intriguingly, the
IL-1B-induced ROS production was not effectively eliminated
by suramin treatment in porcine NP cells (data not shown).

Suramin is known to act as a potent blocker of the P2X
and P2Y purinergic receptors, including P2 x 2, P2 x 3, P2 x
5, P2 x 7, and P2Y2.%¢ Members of the P2X receptor family
are largely expressed in the central nervous system and in
the periphery, where they serve in essential physiological and
pathophysiological roles associated with a variety of biolog-
ical processes. For instance, neurophysiological studies have
demonstrated that ATP can cause pain by directly improving
neuronal excitability through the activation of the P2 x 3 and
P2 x 2/3 receptors.®’ In addition, ATP activates glial cells in
the central nervous system (e.g. microglia), corresponding
to persistent nociceptive stimulation and resulting in inflam-
matory pain associated with various receptor-mediated
signalling pathways, such as P2 x 4, P2 x 7, and P2Y12.685°
P2 receptor inhibitors (antagonists) have been shown to
be beneficial in preclinical trials for the treatment of patho-
logical pain. In this study, we found that suramin inhibits
proinflammatory cytokine production. Taken together, these
results suggested that the attenuation of neuropathic pain
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in the spinal cord mediated by suramin treatment might be
associated with the suppression of inflammation. Similarly,
suramin may act to mitigate inflammation in IDD. Notably,
suramin blocks the interaction of several growth factors with
their corresponding receptors, and abolishes their down-
stream signalling effects. The growth factors platelet-derived
growth factor (PDGF), insulin-like growth factor-1 (IGF-1),
and basic fibroblast growth factor (bFGF) regulate intense
proliferative activities in both AF and NP cells.”® PDGF, IGF-1,
and bFGF also play regulatory roles in the differentiation of
stem cells into NP cells.”"”2 VEGF is highly expressed in IDD
and has been implicated in the pathological progression of
IDD.”® Determining whether the biological effects of suramin
on IDD act through the interruption of these growth factor-
induced signalling pathways requires untangling a compli-
cated network, which we were unable to do with our limited
experimental data; however, this remains an important issue
that should be addressed in the future.

This study has several experimental limitations. We
collected the NP cells from several lumbar spine segments
of multiple animals, and the cells from different animals may
feature biological variations between individuals that might
offer identical data. Ageing and IDD might induce the disap-
pearance of notochordal cells (NCs),”* which are thought to
be important cells necessary for the regeneration of degen-
erative discs. In this study, the younger discs (eight weeks)
that we collected are unable to mimic true IDD condition, as
the loss of NC cells in the younger disc is unlikely to occur.
We cannot be certain based on our current data of whether
suramin would have similar pharmacological effects on cells
derived from older discs. AF cell apoptosis is also a key factor
associated with IVD. Whether suramin has similar effects in AF
and CEP cells as those observed in NP cells must be clarified
in future research.

One previous study has reported the effects of suramin as
a therapeutic agent for the treatment of various diseases.?
Numerous early oncology applications of suramin used the
continuous infusion of the drug to establish a target concen-
tration. However, the initially reported half-life of suramin was
two days. Therefore, maintenance doses would be necessary
to achieve target concentrations more rapidly than a contin-
uous infusion.” For example, suramin is administered at 1
g (reconstituted to 100 mg/ml = 77 pM), which is injected
intravenously on days 1, 3, 7, 14, and 21, to treat trypanoso-
miasis. In other clinical trials, a continuous infusion method
was used to target a suramin plasma concentration between
100 and 350 pg/ml. Subsequently, concentrations below 100
pg/ml were found to have no significant biological activity,
whereas concentrations above 350 pg/ml resulted in signifi-
cant neurotoxicity.” In a previous study, that intraperitoneal
(IP) administration of suramin at a dose of 10 mg/kg for 20
days was able to protect against collagen-induced arthritis
in mice.?® Another study has reported that papain-induced
knee joint damage can be treated by the intra-articular injec-
tion of 0.1 mg suramin in mice.? Therefore, further research
is necessary to evaluate the utility of an intradiscal injection of
suramin to prevent IDD in an animal model.

Supplementary material

E Two figures including the Western blots of protein
levels and the ARRIVE checklist.
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