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Abstract

Osteoarthritic (OA) chondrocytes are shown to express inducible nitric oxide synthase

(iNOS) which produces high concentrations of nitric oxide (NO), particularly when stimulated

with proinflammatory cytokines. NO is involved in OA cartilage degradation. On the other

hand, c-Jun N-terminal Kinase (JNK) pathway mediates the activation and transcription of c-

Jun, which is required for interleukin-1 (IL-1)-induction of matrix metalloproteinases-13

(MMP-13) in OA pathogenesis. Therefore, the selective inhibition of iNOS and c-Jun is a

promising target for treatment and prevention of OA. The purpose of the study was to inves-

tigate the inhibitory effects of pentosan polysulfate (PPS) on IL-1β-induced iNOS, c-Jun and

HIF-α isoforms upregulation in canine articular chondrocytes (CACs). Primary (P0) chondro-

cytes were isolated and cultured from femoral head cartilages of three (3) dogs. First pas-

sage (P1) chondrocytes were preincubated with 0, 1, 5, 15 and 40 μg/mL of PPS for 4 hr

before treatment with 10 ng/mL rhIL-1β for a further 8 hr. In addition, we evaluated the

effects of single and multiple cytokine with or without LPS on iNOS protein induction. PPS

significantly inhibited (P < 0.05) IL-1β-induced iNOS, c-Jun and HIF-1αmRNA upregulation

in a dose-dependent pattern. iNOS mRNA was significantly inhibited at 15 and 40 μg/mL

whereas c-Jun and HIF-1αwere significantly downregulated at 5, 15 and 40 μg/mL of PPS

compared to chondrocytes treated with only rhIL-1β. Intriguingly, CACs were recalcitrant to

single IL-1β, TNF-α or LPS-induction of iNOS protein including to a combination of IL-1β+

TNF-α, IL-1β+LPS except to TNF-α+LPS and IL-1β+TNF-α+LPS suggestive of a protective

mechanism from iNOS detrimental effects on perpetuating OA. IL-1β+TNF-α+LPS-induced

iNOS protein expression was significantly abrogated by PPS. We demonstrate for the first

time that PPS is a novel inhibitor of IL-1β-induced iNOS, c-Jun, and HIF-1αmRNA upregula-

tion and iNOS protein induction which may be beneficial for prevention and treatment OA.

Introduction

Osteoarthritis (OA) is a degenerative joint disease that progressively causes loss of joint func-

tion [1] affecting not only articular cartilage but also involves the entire joint including the
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subchondral bone, ligaments, capsule, synovial membrane and menisci [2,3]. Osteoarthritic

chondrocytes in affected joints have been shown to produce increased levels of inflammatory

cytokines. Particularly, OA chondrocytes express inducible nitric oxide synthase (iNOS) and

produce high concentrations of NO, especially upon stimulation by proinflammatory cyto-

kines [4–7]. This pathologically increased NO production plays an important catabolic role in

OA cartilage degradation. NO is partly responsible for the up-regulation of interleukin 1-beta-

converting enzyme (ICE) and IL-18 synthesis while decreasing the level of the ICE inhibitor

PI-9 [8]. There is also evidence indicating that NO plays a regulatory role in the activation of

metalloproteinases in articular chondrocytes [4,9,10]. Furthermore, a relative deficit in the

production of natural antagonists of the IL-1 receptor (IL-1Ra) has been reported in OA syno-

vium and this has been associated to an excess production of NO. The excess production of

NO combined with an upregulated IL-1 receptor level has been shown to be an additional

enhancer of the catabolic effects of IL-1β in OA [8,11]. Therefore, the selective inhibition of

pathologically enhanced NO synthesis has been identified as a promising novel therapeutic

target for the prevention and treatment of inflammatory joint diseases [6,12–15]. The inhibi-

tion of iNOS by its natural inhibitors and selective agents has been shown to modulate the dis-

ease by reducing synovial inflammation and tissue damage [12,16–18]. As part of the signaling

pathway, hypoxia inducible factor-2 alpha (HIF-2α) has been proposed as a catabolic factor

that directly targets MMP-13 and iNOS through specific binding to the respective hypoxia-

responsive elements [19–21]. However, the role of HIF-α isoforms (HIF-1α and HIF-2α) in

OA pathogenesis is currently controversial and has led to species-dependent roles being pro-

posed especially between murine and large mammals [22]. For example, HIF-2α has been

shown by others to be responsible for hypoxic induction of cartilage matrix genes [22–25] and

to be a potent regulator of autophagy in maturing mouse and human articular chondrocytes

by acting as a brake to the autophagy accelerator function of HIF-1α [23].

Pentosan polysulfate (PPS), a semi-synthetic sulfated polysaccharide derived from wood of

beech plant, Fagus sylvatica has been shown to improve synovial and subchondral blood flow,

to limit cartilage matrix degeneration, and to stimulate hyaluronic acid and proteoglycan

(PGs) synthesis [26–29]. Our laboratory previously showed its involvement in the prevention

of inflammatory intracellular responses induced by IL-1β via inhibiting NFkB pathway and

the phosphorylation of p38 and ERK but not JNK [30]. However, the JNK pathway has been

shown to mediate the activation and transcription of c-Jun, which is required for IL-1-induc-

tion of MMP-13 [31]. Therefore, the inhibition of c-Jun is also a potential therapeutic target

for the prevention and treatment of OA joints. Currently, the effect of PPS on iNOS, c-Jun and

HIF-α isoforms in IL-1-stimulated articular chondrocytes remains unknown. Therefore, the

objective of the present study was to investigate the effects of pentosan polysulfate (PPS) on IL-

1-induced iNOS, c-Jun and HIF-α isoforms upregulation in canine articular chondrocytes

(CACs). We hypothesized that PPS is a novel inhibitor of IL-1-induced iNOS and c-Jun upre-

gulation in CACs.

Materials and methods

Chondrocytes culture

Canine articular cartilage samples were obtained with owners’ formal consent from femoral

head cartilages of three dogs; a 1-year-old and 10-months-old that underwent femoral head

and neck ostectomy due to Legg-Calvè-Perthes Disease (LCDP) and a 9-year-old that under-

went hind limb amputation due to osteosarcoma affecting the distal femoral bone. The use of

clinical samples and all samples from experimental dogs was in accordance with Hokkaido

University Institutional Animal Care and Use Committee guidelines (approval #: 12–0059).
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Chondrocytes were released from cartilage by dissection and digestion for 24 hr in 0.3% Colla-

genase Type I (Wako Pure Chemicals Industries Ltd, Osaka, Japan) based on a protocol previ-

ously described elsewhere [32] with minor modifications. Primary (P0) chondrocytes were

culture expanded to 85% confluence in 100-mm polystyrene culture plates (Corning, Lowell,

MA, U.S.A.) containing 10% Fetal bovine serum (FBS; Nichirei Biosciences Inc, Tokyo, Japan)

supplemented Dulbecco’s Modified Eagle’s Medium (DMEM; GIBCO BRL, Grand Island,

NY, U.S.A.) containing, 10mM HEPES, 18mM NAHCO3, 100 U/mL Penicillin G potassium,

and 73 U/mL Streptomycin sulphate (Wako Pure Chemical Industries). At confluence, P0 cells

were detached using TryPleTM Select Enzyme (1X) (GIBCO BRL). Cell count and viability was

assessed by trypan blue exclusion test. First passage (P1) chondrocytes were used in this study.

Chondrocytes treatment, preparation of cell extracts and analysis

Chondrocytes (P1) (7.0 x 105 cells/well) were seeded in 12-well polystyrene culture plates

(Corning) containing serum free (SF) DMEM and incubated at 37˚C in 5% CO2 for 24 hr.

Medium was removed and cells were treated either with 0 (control, CTL), 1, 5, 10 and 20 ng/

mL recombinant human interleukin-1 beta (rhIL-1β) (Thermo Scientific, Life Technologies,

Rockford, Illinois, USA) in SF DMEM for 8 hr or preincubated first with 1, 5, 15 and 40 μg/

mL of PPS (Cartrophen Vet1 injection, NaPPS—100 mg/mL; Biopharm Australia, Bondi

Junction, NSW, Australia) for 4 hr then treated with 10 ng/mL of rhIL-1β for a further 8 hr

(Table 1).

In addition, the temporal effect of rhIL-1β on iNOS protein induction was evaluated by

treating chondrocytes with 20 ng/mL of rhIL-1β for 0, 3, 6, 9 and 24 hr. Furthermore, to inves-

tigate the effects of multiple cytokines with or without lipopolysaccharide (LPS) (Wako Pure

Chemicals Industries Ltd) on iNOS protein induction, chondrocytes were treated for 8 hr with

single TNF-α (10 and 20 ng/mL) (Kingfisher Biotech, St Paul, Minnesota, USA) or LPS (50

and 75 μg/mL) (Wako Pure Chemicals Industries Ltd), and a combination of TNF-α (20 ng/

mL) + LPS (50 μg/mL), LPS (25 μg/mL) + canine recombinant interleukin-1beta (20 ng/mL)

(rcIL-1β, Kingfisher Biotech), TNF-α (20 ng/mL) + rcIL-1β (20 ng/mL), and rcIL-1β (20 ng/

mL) + TNF-α (20 ng/mL) + LPS (50 μg/mL).

Total RNA and protein was extracted using TRIZol1 reagent (Invitrogen, Life Technolo-

gies, Carlsbad, CA, USA) according to the manufacture’s protocol. Total RNA was quantified

by spectrophotometry at 260 nm using Biowave DNA—WPA, 7123 V1.8.0 (Biochrom,

Cambridge, UK) while protein was quantified by Bradford protein assay using the Thermo

Table 1. Treatment of first passage (P1) canine articular chondrocytes.

Treatment number Treatment group PPS (μg/mL) rhIL-1β (ng/mL)

1 CTL 0 0

2 - 0 1

3 - 0 5

4 PC 0 10

5 - 0 20

6 PPS+rhIL-1β 1 10

7 PPS+rhIL-1β 5 10

8 PPS+rhIL-1β 15 10

9 PPS+rhIL-1β 40 10

PPS; pentosan polysulfate, rhIL-1β: recombinant human interleukin-1β, CTL; control without treatment, PC;

positive control

https://doi.org/10.1371/journal.pone.0177144.t001
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Scientific NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific, NanoDrop prod-

ucts, Wilmington, Delaware, USA) and stored at -20˚C until use.

Total of 500 ng RNA was reverse transcribed (RT) into cDNA using ReverTra Ace1 qPCR

RT Master Mix (Toyobo Co, Osaka, Japan) and amplified by PCR using TaKaRa Ex taq

(TaKaRa Bio, Tokyo, Japan) according to manufacturer’s recommended protocol. This tech-

nique was employed to amplify mRNAs specific for iNOS, c-Jun, HIF-1α and HIF-2α. The

PCR conditions were an initial denaturation of 94˚C for 1 min followed by 35 cycles of 94˚C

for 30 s, 58˚C for 30 s and 72˚C for 30 s and then a finishing step of 72˚C for 1 min. Gel elec-

trophoresis was performed to detect mRNA bands. Quantitative real-time PCR (qPCR) was

performed with KAPA SYBR1 FAST qPCR kit (KAPA biosystems, Woburn, MA, U.S.A.) to

determine the relative mRNA expression by the two step method. The qPCR conditions were

an initial denaturation of 95˚C for 20 s followed by 40 cycles of 95˚C for 3 s and 60˚C for 20 s

then a pre-melt condition of 60˚C for 90 s followed by a final melt step. The standard curve

method was used to determine the relative mRNA quantification. All PCR reactions were vali-

dated by the presence of a single peak in the melt curve analysis and single band on gel electro-

phoresis. All mRNA expressions were normalised against the reference gene, glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and the control (CTL) group was used as the calibrator

to determine the mRNA-fold changes. The sequences, product size and accession codes for

each of primers used in the experiments are indicated in Table 2. Primer sequences for all

genes were designed using data published on the National Center for Biotechnology Informa-

tion (NCBI) website using NCBI’s standard and pairwise BLAST programs. For Western blot

analyses, the identity of the proteins was verified by the expected protein band size relative to

the protein marker or standard purified protein loaded as control. Because the antibodies used

in our experiments were nonspecific to canine, to confirm immunogenic identity, homologous

sequence comparison was performed using homology BLAST on NCBI website.

Western blot: iNOS, HIF-1α and HIF-2α protein detection

The following primary antibodies were used; Rabbit polyclonal iNOS antibody (Thermo Fisher,

Rockford, USA; Cat. #: PA1-036) (1: 100 dilution), mouse monoclonal Anti-HIF-1α Clone

H1α67 (Sigma Aldrich, St. Louis, Missouri, USA; H6536) (1.0 μg/mL or 1: 1000 dilution) and

Table 2. Sequence of primers used in the experiments.

Name of gene Domain aPrimer bFragment Accession

GAPDH 664–683 50 -CTGAACGGGAAGCTCACTGG-30 129 bp NM_001003142.1

773–792 50-CGATGCCTGCTTCACTACCT-30

iNOS 13–32 50-TGGCAGTTTCTGTTCAAGGC-30 139 bp XM_005624846.1

132–151 50-TGCTGAGGCTGTGACACTTG-30

iNOS 3681–3700 50- AATGGAGAGTTGGGCCTTCC-30 227 bp NM_001313848.1

3887–3907 50-TGGCCCTTAAGAGAAGACTGG-30

HIF-1α 861–880 50-GTACTTCACTGCACAGGCCA-30 102 bp NM_001287163.1

943–962 50-ACAAATCAGCACCAAGCACG-30

HIF-2α 1248–1267 50-TGCAAAGCACGGGGGCTACG-30 72 bp XM_531807.3

1300–1319 50-GGCTGCAGGTTGCGAGGGTT-30

c-Jun 1144–1163 50-TCTACGACGATGCCCTCAAC-30 159 bp XM_005620245.1

1283–1302 50-TGAGCAGGTCCGAGTTCTTG-30

aPrimers for forward & reverse sense are presented in a 50 to 30 orientation
bThe expected fragment size, GAPDH; glyceraldehyde-3-phosphate dehydrogenase, iNOS; inducible nitric oxide synthase, HIF; Hypoxia inducible factor

https://doi.org/10.1371/journal.pone.0177144.t002
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EPAS-1 (HIF-2α) (C-16) goat polyclonal antibody (Santa Cruz Biotechnology, Dallas, USA; Cat.

#: SC-8712) (1: 200 dilution). Normally, HIF-α isoforms protein are not readily detectable in

human articular chondrocytes cultured under normoxic conditions as they are rapidly degraded

in the presence of sufficient oxygen [33–37]. To verify that this is consistent with monolayer

CACs cultured under normoxic conditions, the expression of HIF-1α and HIF-2α proteins was

evaluated. F-Actin rabbit polyclonal antibody (Bioss Antibodies, Massachusetts, USA; Cat. #:

1571R) (1: 1000 dilution) was used as internal control. Secondary antibodies were; Pierce1 Goat

anti-Rabbit Poly-HRP (Pierce Biotechnology, Rockford, Illinois, USA; Cat. #: 32260, Lot num-

ber–QG217308), Zymed1 Rabbit anti-mouse IgG-HRP conjugate (Invitrogen Corporation,

Zymed Laboratories, Inc California, USA, Cat. #: 81–6720) and Anti-IgG goat Rabbit-Poly-HRP

(R & D Systems, Minneapolis, Minnesota, USA, Cat. #: HAF0017). Western Blot Ultra-Sensitive

HRP substrate (Takara Bio Inc., Otsu, Japan; Cat. #: T7104A, Lot #: AF3P025) was used for

the signal generation. iNOS electrophoresis standard 130 kDa (Cayman Chemical, Michigan,

USA, Cat. #: 360862) was used as standard iNOS control. Briefly, 20 μg of protein from each

treatment was denatured and separated on 12% (w/v) sodium dodecyl sulfate-polyacrylamide

gel (SDS-PAGE) for 55 min at 180 V in Tris/Glycine/SDS buffer (25 mM Tris, 190 mM Glycine,

0.1% SDS, pH 8.3). Two SDS PAGEs were run simultaneously, one was silver stained using AE-

1360 EzStain Silver (Atto Corporation, Tokyo, Japan) according to manufacturer’s procedure to

evaluate the expression profile of separated proteins while the proteins on other gel were electro-

blotted onto nitrocellulose membranes (Whatman, Dassel, Germany) at 60 V for 2 hr 30 min-

utes in transfer buffer containing 25 mM Tris, 190 mM Glycine, 20% methanol and 0.1% SDS

(pH 8.3). Nonspecific antibody binding was blocked with 5% (w/v) skim milk prepared in Tris-

buffered saline-Tween buffer (TBS-T, 20 mM Tris-HCl, 150 mM NaCl, 0.1% (w/v) Tween-20)

for 1 hr at room temperature (RT) on a shaker. Membranes were then incubated in primary

antibody at RT on a shaker for 1 hr then incubated overnight at 4˚C in a refrigerator. Mem-

branes were washed three (3) times with adequate TBST buffer at 5 min interval then incubated

in HRP-conjugated secondary antibody at a dilution of 1:5,000 for 1 hr on a shaker at RT. Mem-

branes were washed as before then incubated in HRP substrate for 5 min at RT. The protein-

antibody reaction were visualized for chemiluminescent signal using FUJIFILM Luminescent

Image Analyzer LAS-3000 (Fujifilm Life Science, LTD, Tokyo, Japan) according to the instru-

ment manual for the imaging system. Protein bands were analysed using Multi-Gauge V 3.0

software (Fujifilm Life Science).

Immunocytochemistry: Colocalization of PPS with c-Jun and NFkB p65

Immunocytochemistry (ICC) was performed to investigate colocalization of PPS with NFkB

p65 and c-Jun, and to clarify whether PPS could inhibit NFkB p65 and c-Jun nuclear transloca-

tion. Chondrocytes (1 × 104 cells) were plated in 8-well Permanox1 slides (Thermo scienceti-

fic nunc, New York, U.S.A.) in 500 μl of 10% FBS supplemented DMEM and incubated at

37˚C in 5% CO2 for 24 hr. Cells were gently washed with 1 x PBS then preincubated in SF

DMEM with or without 40 μg/mL of TRITC-PPS for 4 hr. Thereafter, 10 ng/mL of rcIL-1β
was added to the medium with TRITC-PPS and cells incubated overnight at 37˚C in 5% CO2.

Cells were gently washed three times with cold 1 x PBS (2–8˚C), fixed in cold methanol

(-20˚C) for 5 min at RT then washed on a shaker three times at 5min interval with cold 1 x

PBS containing 0.1% tween 20 (PBST). Non-specific antibody binding was blocked by incuba-

tion for 1 hr in 5% bovine serum albumin (BSA) (Sigma-Aldrich, Lot # 019K1144) prepared in

PBST. Primary antibodies used were anti-human c-Jun (H-79) Rabbit polyclonal antibody

(Santa Cruz Biotechnology, SC-1694) (1:100 dilution) and anti-human NFkB p65 (C-20) Rab-

bit polyclonal antibody (Santa Cruz Biotechnology, SC-372) (1:100 dilution) by incubation at
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4˚C overnight. Cells were washed as before then incubated for 1 hr with goat anti-rabbit IgG-

fluorescein isothiocyanate (FITC)-conjugated (Santa Cruz Biotechnology, SC-2012) (1:1000

dilution). Cells were washed as before and excess wash buffer removed. Prolong1 Diamond

Antifade Mountant with DAPI (Thermo Fisher Scientific, Eugene, OR, U.S.A) was used to

stain the nucleus and mount the slides according to manufacturer’s instructions. Cells stained

with only the secondary antibody were used as negative controls. Cells were viewed using

Zeiss LSM 700 confocal laser microscope (Zeiss, Urbana, U.S.A).

Data analysis

Quantitative qPCR data was analysed using SPSS version 16.0. Analysis of variance (ANOVA)

was used to compare the mean relative gene expression between the treatments. Where signifi-

cant difference was observed, multiple comparisons of group means was performed using Post
Hoc Bonferroni. Linear regression analysis was performed to model the relationship between

iNOS and HIF-α isoforms mRNA expression in response to IL-1 and PPS. Significance level

was defined as P< 0.05. All quantitative results unless specified are presented as mean ± SD.

Results

Pentosan polysulfate (PPS) sodium inhibits IL-1β-induced iNOS, c-Jun

and HIF-1αmRNA upregulation

Due to nonspecific PCR products or dimer formation of iNOS primers designed earlier in the

study, two sets of primers targeting two different regions of the 4.0 kbp iNOS mRNA were

used to optimize the accuracy of the results. Treatment of chondrocytes with rhIL-1β resulted

in upregulation iNOS, c-Jun, HIF-1α and HIF-2α mRNA expression. However, the preincuba-

tion of chondrocytes with PPS inhibited rhIL-1β-induced iNOS, c-Jun and HIF-1α mRNA

upregulation (Figs 1A and 2B).

We observed a dose-dependent inhibitory effect of PPS on rhIL-1β-induced iNOS, c-Jun

and HIF-1α mRNA upregulation (Fig 1B). Significant inhibition (P< 0.05) of iNOS mRNA

was observed at PPS concentrations of 15 and 40 μg/mL compared to the positive control

(PC), with the mRNA levels reaching levels similar to control chondrocytes (CTL, untreated).

The expression of c-Jun and HIF-1α mRNA were significantly inhibited (P< 0.05) at almost

all PPS concentrations compared to the PC (Fig 1B). However, HIF-2α mRNA remained rela-

tively upregulated at 1, 5 and 15 μg/mL of PPS and was only significantly inhibited at 40 μg/

mL compared to the PC (Fig 1B).

iNOS protein is recalcitrant to cytokine induction; HIF-α proteins are

undetectable under normoxia culture

While iNOS mRNA levels were readily detectable and upregulated by 20 ng/mL of rhIL-1β in

cultured canine chondrocytes, by Western blot, the active iNOS protein levels were undetect-

able in all the lysed cells protein extracts at all stimulation time points (Fig 2A–2C).

Surprisingly, similar to observations made with single rhIL-1β-stimulation, iNOS protein

was still undetectable even in chondrocytes stimulated with single rcIL-1β, TNF-α or LPS

including to a combination of rcIL-1β + TNF-α and rcIL-1β + LPS (Fig 3). Interestingly, stim-

ulation of chondrocytes with a combination of TNF-α + LPS and rcIL-1β + TNF-α + LPS

resulted in a weak and strong iNOS protein signal, respectively (Fig 3).

While the HIF-α isoforms were readily detectable at the mRNA level, both isoforms were

undetectable at the protein level (Fig 3). Treatment of chondrocytes with single or multiple

cytokines with or without LPS did not result in stabilization and detection of the HIF-α
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isoforms at protein level, an indication of rapid post-translational proteosomal degradation of

the proteins in the presence of sufficient oxygen (Fig 3).

PPS inhibits rcIL-1β + TNF-α + LPS-induced iNOS protein expression

Because iNOS protein expression was only significantly induced in chondrocytes treated with

a combination of rcIL-1β + TNF-α + LPS, to confirm whether the observed inhibitory effects

of PPS on iNOS mRNA were consistent with iNOS protein expression, 1.0 x 106 chondrocytes

Fig 1. Pentosan polysulfate (PPS) inhibits rhIL-1β-induced iNOS, c-Jun and HIF-1αmRNA upregulation

in canine articular chondrocytes. (A) As demonstrated by RT-PCR gel electrophoresis and (B) qPCR results,

preincubation of chondrocytes with PPS inhibits rhIL-1β-induced iNOS, c-Jun and HIF-1αmRNA upregulation

compared to the positive control (PC– 10 ng/mL rhIL-1βwithout PPS). L; 100bp DNA ladder, CTL; Control (no

treatment), gel electrophoresis results shown are from one representative experiment of three (3) independent

experiments, error bars represent the mean ±SD mRNA. Significant difference was defined as *P < 0.05.

https://doi.org/10.1371/journal.pone.0177144.g001
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were incubated as previously described. Thereafter, chondrocytes were treated with SF DMEM

(CTL), 10 ng/mL of rcIL-1β, a combination of rcIL-1β (10 ng/mL) + TNF-α (10 ng/mL) + LPS

(50 μg/mL) or preincubated with 40 μg/mL PPS for 4 hr then treated with a combination of

Fig 2. iNOS protein is recalcitrant to IL-1β-induction in canine articular chondrocytes. (A) iNOS mRNA

expression in chondrocytes (P1) stimulated with 20 ng/mL of rhIL-1β for 0, 3, 6, 9 and 12 hr, (B) 20 μg protein

from each treatment time was denatured and separated on a 12% SDS page and silver stained to visualize

the profile of separated proteins, (C) iNOS protein levels were undetectable by Western blot, an indication of

resistance to cytokine induction. L; 100bp DNA ladder, ES; iNOS Electrophoresis Standard ~130 kDa (loaded

at 100 ng). M; protein standards marker, results shown are from one representative experiment of three

(n = 3) independent experiments.

https://doi.org/10.1371/journal.pone.0177144.g002

Fig 3. iNOS protein is recalcitrant to single or multiple cytokine induction. iNOS protein levels were

undetectable in chondrocytes stimulated with single rcIL-1β, TNF-α or LPS. A combination of rcIL-1β + TNF-α
+ LPS induced a strong iNOS protein expression while a combination of TNF-α + LPS induced a very weak

iNOS protein band as indicated by black arrowheads. HIF-1α and HIF-2α proteins were undetectable. ES;

iNOS Standard protein ~130 kDa (loaded at 500 ng), M; Protein Standards marker. F-Actin (Internal control):

42 kDa, iNOS: 130 kDa, HIF-1α: 120 kDa and HIF-2α: 115 kDa. Blots shown are from one representative

experiment of three (n = 3) independent experiments.

https://doi.org/10.1371/journal.pone.0177144.g003
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rcIL-1β (10 ng/mL) + TNF-α (10 ng/mL) + LPS (50 μg/mL) for 8 hr. As consistently observed,

a combination of rcIL-1β + TNF-α + LPS significantly induced iNOS protein expression but

preincubation of chondrocytes with PPS significantly abrogated iNOS protein induction

hence proving the inhibitory effects of PPS on both iNOS mRNA and protein expression

(Fig 4).

Immunocytochemistry: PPS colocalizes with NFkB and c-Jun

PPS [30,38–40] and other active glycosaminoglycans (GaGs) [41,42] have been proposed to

exert their action through interaction with transcription factors and other intracellular

Fig 4. PPS inhibits rcIL-1β + TNF-α + LPS-induced iNOS protein expression. Single rcIL-1β (10 ng/mL)

induced a weak iNOS protein signal compared to a combination of rcIL-1β (10 ng/mL) + TNF-α (10 ng/mL)

+ LPS (50 μg/mL) which significantly induced iNOS protein expression in canine chondrocytes. Pre-

incubation of canine chondrocytes with 40 μg/mL of PPS significantly inhibited rcIL-1β + TNF-α + LPS-

induced iNOS protein expression. M; Protein Standards marker. F-Actin (Internal control): 42 kDa, iNOS: 130

kDa. Blots shown are from two representative experiments of three (3) experiments.

https://doi.org/10.1371/journal.pone.0177144.g004

Fig 5. c-Jun colocalizes with pentosan polysulfate in canine articular chondrocytes. (A) Immuno-

fluorescence staining of methanol-fixed chondrocytes showing diffuse nuclear accumulation of c-Jun (green)

in control cells without rcIL-1β, (B) shows increased focal nuclear localization of c-Jun in chondrocytes

stimulated with 10 ng/mL rcIL-1β (positive control, PC), and (C) shows chondrocytes preincubated with

40 μg/mL TRITC-PPS (red) for 4 hr then stimulated with 10 ng/mL of rcIL-1β. Chondrocytes preincubated with

TRITC-PPS show reduced nuclear localization of c-Jun (green) indicated by increased perinuclear and

cytoplasmic accumulation with TRITC-PPS (red) also accumulating in the perinuclear and cytoplasmic area.

The yellow/orange areas in the merged image demonstrate that c-Jun colocalizes with PPS. Scale Bars:

20 μM

https://doi.org/10.1371/journal.pone.0177144.g005
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proteins consequently blocking their downstream activity. ICC was performed to investigate

colocalization of PPS with NFkB p65 and c-Jun, and to clarify whether PPS could inhibit

NFkB p65 and c-Jun nuclear translocation and localization. Chondrocytes treated with or

without 10 ng/mL of rcIL-1β predominantly showed nuclear localization of c-Jun (Fig 5A and

5B). However, when preincubated with 40 μg/mL of TRITC-PPS then treated with 10 ng/mL

of rcIL-1β, chondrocytes demonstrated reduced c-Jun nuclear translocation (Fig 5C) as indi-

cated by increased perinuclear and cytoplasmic localization. The merged image (yellow/orange

areas) in Fig 5C indicates that c-Jun colocalizes with PPS.

NFkB p65 predominantly accumulated in the cytoplasm of control chondrocytes without

rcIL-1β (Fig 6A). As expected, treatment of chondrocytes with 10 ng/mL of rcIL-1β activated

NFkB p65 as evidenced by increased nuclear translocation and localization (Fig 6B). However,

preincubation of chondrocytes with 40 μg/mL of TRITC-PPS decreased rcIL-1β-induced

NFkB p65 nuclear translocation in many chondrocytes as indicated by the accumulation and

localization of the transcriptional factor in the perinuclear and cytoplasmic area (Fig 6C). The

merged image of Fig 6C demonstrates that NFkB p65 colocalizes with PPS (yellow/orange

areas) (Fig 6C).

Discussion

The selective inhibition of pathologically enhanced NO synthesis by iNOS in OA joints is a

novel therapeutic target for the treatment of OA [6,9,12]. The present study demonstrates for

the first time that PPS is a novel inhibitor of IL-1β-induced iNOS, c-Jun and HIF-1α mRNA

upregulation with limited inhibitory effect on IL-1β-induced HIF-2α upregulation. Similar to

Fig 6. NFkB p65 colocalizes with pentosan polysulfate in canine articular chondrocytes. (A)

Immunofluorescence staining of methanol-fixed chondrocytes without rcIL-1β (negative control) showing

diffuse cytoplasmic localization of NFkB p65 (green), (B) shows increased nuclear localization and

accumulation of NFkB p65 (green) in chondrocytes treated with 10 ng/mL of rcIL-1β (positive control, PC)

and, (C) demonstrates that chondrocytes preincubated with 40 μg/mL of TRITC-PPS (red) for 4 hr then

treated with 10 ng/mL of rcIL-1β have reduced NFkB p65 nuclear translocation activity as evidenced by

increased cytoplasmic accumulation. The yellow/orange areas in the merged image show that NFkB p65

colocalizes with PPS. Scale Bars: 20 μM.

https://doi.org/10.1371/journal.pone.0177144.g006
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observations with normal human articular chondrocytes cultures [43,44], our finding demon-

strates that normal CACs may be recalcitrant to single or multiple cytokine iNOS protein

induction. While single IL-1β did not induce iNOS protein expression, treatment of CACs

with a combination of rcIL-1β + TNF-α + LPS significantly induced iNOS protein expression

but this effect was significantly abrogated by PPS hence proving its inhibitory effects on in-

duced iNOS mRNA and protein expression. The detection of iNOS mRNA in monolayer cul-

tured chondrocytes treated with or without IL-1β without active iNOS protein suggests that

iNOS in CACs may be negatively regulated post-transcriptionally. Although more studies are

required to fully elucidate the mechanism of action of PPS, ICC colocalization analysis results

show that PPS colocalizes with NFkB and c-Jun, and inhibits their nuclear translocation and

localization. This observation may partially support the suggestion that PPS may exert its

inhibitory effects on OA by direct interaction with NFkB p65 and c-Jun, consequently repress-

ing the downstream target genes like iNOS and MMP-13 which are implicated in the progres-

sion and perpetuation of OA.

While we observed IL-1-induced iNOS mRNA upregulation, the most provocative finding

of the study was the undetectable iNOS protein in chondrocytes treated with single or multiple

cytokines except to a combination of TNF-α + LPS (weak induction) and rcIL-1β + TNF-α +

LPS (strong induction). Similar to our finding, normal human chondrocytes are reported to

be recalcitrant to induction of iNOS even with multiple cytokines compared to all murine cell

types in culture that exhibit a readily inducible iNOS [43,44]. This finding could suggest that

normal CACs are recalcitrant to iNOS protein induction probably as a protective response

from the deleterious effects of pathologically enhanced NO due to iNOS especially in the early

phase of OA. Furthermore, this outcome may suggest that other than proinflammatory cyto-

kines, other factors such as mechanical stress may play a pivotal role in iNOS protein induction

in OA joints. Part of the signalling pathway cascade that leads to IL-1-induced NFkB activation

and iNOS expression include the protein tyrosinase kinase (PTK) and p38. However, NFkB

activation which is essential for iNOS induction and p38 lie on two distinct pathways that

seem to be independently required for IL-1-induced iNOS expression [9,10]. While our labo-

ratory previously demonstrated the inhibitory effects of PPS on the two pathways [30], by ICC,

the present study confirms that indeed PPS impairs IL-1-induced NFkB p65 nuclear transloca-

tion but most interestingly we demonstrate that PPS colocalizes with NFkB p65. Therefore, the

observed inhibition of IL-1-induced iNOS mRNA upregulation and rcIL-1β + TNF-α + LPS-

induced iNOS protein expression by PPS is consistent with the inhibition of the NFkB path-

way. Although more experiments such as immunoprecitiation assays will be required to prove

the binding of PPS to transcription factors and other intracellular proteins, the observed colo-

calization with NFkB may support the proposal that it may exert its action through direct

interaction with transcription factors consequently blocking their downstream promoter activ-

ity [30,38–40]. The detection of iNOS at mRNA level in monolayer cultured CACs in the

absence IL-1β observed in this study was unusual and in contrast with previous studies in

mouse [45], bovine [9,10], equine [15] including some isolated human chondrocytes [46,47].

In order to confirm whether iNOS mRNA is normally detectable in normal cultured CACs,

we assessed its expression in chondrocytes derived from two other dogs cultured in medium

without IL-1 and passaged up to P3. We verified the detection of iNOS mRNA in all passages

(P0—P3) of CACs evaluated with low FBS concentration appearing to enhance its expression

(S1 Fig). Whether the detection of iNOS at mRNA level in normal chondrocytes could be

related to the dedifferentiation of chondrocytes in monolayer culture remains to be deter-

mined since epigenetic “unsilencing” of iNOS gene due to loss of DNA methylation at specific

CpG sites in human OA chondrocytes has been associated with iNOS expression [43,48–50].

However, these findings taken together suggest that iNOS in CACs may be strongly regulated
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by translational blockade possibly via microRNA translational blockade which unlike in

human cells has been reported to be strongly regulated at transcriptional level [10,44,51].

As part of cellular mediators of signal transduction, c-Jun together with c-FOS and ATF-2

(activating transcription factor) subunits form the complex dimeric transcription factors of

activating protein-1 (AP-1) that bind to a common DNA site [52,53]. AP-1 just like NFkB

seem to play a major role in mediating IL-1-induced early cellular responses [9,10,30]. While

AP-1 is not required for IL-1-induced iNOS expression in articular chondrocytes, it is strongly

activated by IL-1 [9,10] and its activation is required for the expression of MMPs, such as colla-

genase (MMP-13) and stromelysin (MMP-3), which promote cartilage degradation [10,54].

Particularly, JNK pathway has been shown to mediate the activation and transcription of c-Jun

which is required for IL-1-induced MMP-13 upregulation [31] making c-Jun a potential thera-

peutic target for OA treatment. The results of this study demonstrate that IL-1β-induced c-Jun

mRNA upregulation is inhibited by PPS. Our laboratory previously showed that PPS has no

inhibitory effect on JNK activation but on ERK and p38 through inhibition of phosphorylation

of these MAPKs [30]. Therefore, it is very reasonable to suggest that the observed inhibition of

c-Jun mRNA by PPS could be an indication of PPS ability to directly interact with JNK thereby

impairing the activation of c-Jun. Our ICC results also clearly demonstrate that PPS could

impair IL-1-induced c-Jun nuclear translocation and localization in chondrocytes which may

subsequently repress its MMP-13 promoter activity.

Consistent with results in human articular chondrocytes, our results confirm that both

HIF-α isoforms in monolayer CACs are constitutively expressed at the mRNA level but are

not readily detectable at protein level under normoxic culture condition as they are rapidly

degraded in the presence of sufficient oxygen [33–37]. While both HIF-1α and HIF-2α mRNA

were upregulated by IL-1β-stimulation, the preincubation of chondrocytes with PPS inhibited

the IL-1β-induced upregulation of HIF-1α in a dose-dependent manner whereas minimal

inhibitory effect on HIF-2α was observed except at the highest dose (40 μg/mL). Both HIF-1α
and HIF-2α have been shown to be significantly overexpressed in cytoplasmic and nuclear of

synovial lining and stromal cells derived from rheumatoid arthritis (RA) and OA human

patients relative to cells from normal nonarthritic cases [55] and our regression analysis results

also demonstrated a significant positive correlation of HIF-α isoforms expression in response

to IL-1 (S2 Fig). HIF-1α levels in chondrocytes have been shown in part to be regulated by the

NFkB and p38 mediated pathways such that inhibitors of NFkB and p38 significantly abolish

IL-1 or TNF-α-induced HIF-1α upregulation [34,37,56]. Therefore the observed inhibitory

effect of PPS on IL-1β-induced HIF-1α mRNA upregulation observed in this study is consis-

tent with NFkB and p38 inhibition. HIF-1α mRNA has been shown to be higher in degener-

ated regions than in the intact regions of human OA articular cartilages a finding which was

associated with cellular response to catabolic stress aimed at production of anti-apoptotic fac-

tors or act as a chondroprotective factor to maintain chondrocytes viability [56]. In confirming

the anti-catabolic effects of IL-1 upregulated HIF-1α, another study using human articular

chondrocytes cultured under hypoxic conditions, established these to be decreased cartilage

degradation and MMP-13 expression [34]. On the other hand, HIF-2α has been proposed as

the most potent transactivator that enhances the promoter activities MMP-13 and iNOS

including other catabolic genes involved in OA process [19–21]. HIF-2α mRNA and protein

expression was found to be enhanced in P0 cultures of mouse articular chondrocytes stimu-

lated with proinflammatory cytokines including IL-1β, IL-17, IL-21 and TNF-α, and in human

and mouse OA cartilage with its ectopic expression shown to trigger articular cartilage destruc-

tion in mice and rabbits [21]. While we observed a significant positive correlation between

HIFs and iNOS mRNA expression, the present study does not prove any direct regulation of

iNOS by HIFs, and in particular HIF-2α since the active protein was also undetectable under
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normoxic culture conditions to correlate with iNOS mRNA transcription and translation.

Moreover, in the present study we detected iNOS protein without detectable HIF-2α protein

levels. Contrary to the proposed catabolic effects, under hypoxic culture condition, human

articular chondrocytes have been confirmed to increase tissue production via HIF-2α and

inhibit cartilage destruction largely through HIF-1α [34]. These findings taken together dem-

onstrate that HIF-2α mRNA may be upregulated in response to IL-1 but this response may

also be corresponding to IL-1-upregulated HIF-1α since it has also been shown to be a potent

regulator of autophagy in maturing mouse and human chondrocytes by acting as a brake to

the autophagy accelerator function of HIF-1α [23]. Whether the overexpressed HIF-2α associ-

ated with induction of catabolic genes is due to its direct regulation of these genes leading to

cartilage degradation or is related to its functional dysregulation in OA process remains to be

verified.

In conclusion, to the best of our knowledge this is the first study to demonstrate that PPS is

a novel inhibitor of IL-1-induced iNOS, c-Jun and HIF-1α mRNA upregulation and rcIL-1β +

TNF-α + LPS-induced iNOS protein expression in CACs. In particular, the inhibitory effects

of PPS on iNOS and c-Jun in articular chondrocytes could translate to its beneficial effects in

the prevention and treatment of OA joints. Furthermore, our results show that normal CACs

may be recalcitrant to single or multiple cytokine-induction of iNOS protein possibly as a pro-

tective mechanism to the deleterious effects of pathologically enhanced NO produced by

iNOS.

Supporting information

S1 Fig. iNOS mRNA is detectable in monolayer passaged canine articular chondrocytes

(CACs). Primary (P0) canine articular chondrocytes were cultured in 10% DMEM and 1%

DMEM (P2a) and passaged up to third passage (P0 to P3). Cells were evaluated for iNOS

mRNA expression by targeting the upstream 139bp and the downstream 227bp mRNA seg-

ments.

(TIF)

S2 Fig. Regression line plot showing the correlation between HIF-α subunits and iNOS

mRNA expression. (A) HIF-1α correlation with iNOS, (B) HIF-2α correlation with iNOS,

and (C) HIF-1α correlation with HIF-2α. 95% confidence interval (95% CI); 0.53–1.05 (HIF-

1α and iNOS), 0.41–0.81 (HIF-2α and iNOS) and 0.43–0.72 (HIF-1α and HIF-2α). Significant

correlation defined as �P< 0.05, ��P< 0.01. All the correlation analysis showed a strong sig-

nificant correlation (P< 0.001) between the genes.

(TIF)
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