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Abstract

Introduction—In osteoarthritis (OA), the subchondral bone undergoes a remodelling process 

involving several factors synthesized by osteoblasts. In this study, we investigated the expression, 

production, modulation, and role of PAR-2 in human OA subchondral bone osteoblasts.

Materials and methods—PAR-2 expression and production were determined by real-time PCR 

and flow cytometry, respectively. PAR-2 modulation was investigated in OA subchondral bone 

osteoblasts treated with IL-1β (100 pg/ml), TNF-α (5 ng/ml), TGF-β1 (10 ng/ml), PGE2 (500 

nM), IL-6 (10 ng/ml) and IL-17 (10 ng/ml). Membranous RANKL protein was assessed by flow 

cytometry, and OPG, MMP-1, MMP-9, MMP-13, IL-6 and intracellular signalling pathways by 

specific ELISAs. Bone resorptive activity was measured by using a co-culture model of human 

PBMC and OA subchondral bone osteoblasts.

Results—PAR-2 expression and production (p<0.05) were markedly increased when human OA 

subchondral bone osteoblasts were compared to normal. On OA osteoblasts, PAR-2 production 

was significantly increased by IL-1β, TNF-α and PGE2. Activation of PAR-2 with a specific 

agonist, SLIGKV-NH2, induced a significant up-regulation of MMP-1, MMP-9, IL-6, and 

membranous RANKL, but had no effect on MMP-13 or OPG production. Interestingly, bone 

resorptive activity was also significantly enhanced following PAR-2 activation. The PAR-2 effect 

was mediated by activation of the MAP kinases Erk1/2 and JNK.

Conclusion—This study is the first to demonstrate that PAR-2 activation plays a role in OA 

subchondral bone resorption via an up-regulation of major bone remodelling factors. These results 

shed new light on the potential of PAR-2 as a therapeutic target in OA.
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Introduction

A family of cell surface membrane receptors, the proteinase-activated receptors (PARs) 

belonging to the G-protein coupled receptor family has been recently identified. These 

receptors are activated through the cleavage of their N-terminal domain by serine proteases, 

which expose a new N-terminal sequence that acts as a tethered ligand, binding and 

activating the receptor itself [1,2]. To date, four members have been characterized and 

named PAR-1 to PAR-4. PARs are expressed on a variety of cells such as platelets, 

endothelial, tumor, inflammatory and articular cells, and their activation elicits numerous 

physiological and pathological processes. Among the PARs, activation of PAR-2 has been 

implicated in the inflammatory process and arthritic diseases including osteoarthritis (OA) 

[3–7]. In this latter disease, findings from our group showed that PAR-2 was involved in 

cartilage by increasing catabolic and pro-inflammatory pathways [5].

OA is the most common disabling chronic disease in the world. It is characterized by 

degradation and loss of articular cartilage followed by synovial membrane inflammation. 

The notion that early OA is characterized only by the degeneration of the articular cartilage 

has recently been reconsidered, as subchondral bone alterations were also found to be 

involved in the early phase of the disease process [8–10]. Data even suggest that subchondral 

bone is a driving force behind the cartilage degradation observed in OA.

Altered subchondral bone remodelling appears to occur during the OA process and involves 

both bone resorption and formation. Studies performed in animal models of OA have 

revealed, at an early stage of the disease, a thinning of the subchondral plate indicating bone 

resorption [11–13], and, at a later stage, a subchondral bone formation process resulting in 

sclerosis of the tissue [11,13,14]. However, it has recently been suggested that in humans 

there are different stages of attempts to repair the damaged subchondral bone tissue, which 

include an increase in bone resorption followed by abnormal bone sclerosis. Hence, the 

complete characterization of the subchondral bone specific biochemical changes that 

distinguish the different stages during the OA process still remains to be determined. 

However, and in accordance with the literature, these changes are associated with local 

osteoblast metabolism involving abnormal activation of biochemical pathways. Among 

these, proteases, eicosanoids, and the factors belonging to the TNF family, OPG 

(osteoprotegerin) and RANKL (receptor activator of nuclear factor kappa B ligand), were 

found at abnormal levels in human OA subchondral bone osteoblasts [12,15–21].

We hypothesized that PAR-2 is expressed and produced by human OA subchondral bone 

osteoblasts and that its activation plays an important role in the progression of the disease. 

We thus investigated the presence and role of PAR-2 in human OA subchondral bone 

osteoblasts. Data showed that PAR-2 is expressed and produced at elevated levels by these 

cells, and a specific PAR-2 activation led to an up-regulation of MMP-1, MMP-9, IL-6, and 

membranous RANKL production and induced bone resorptive activity by these cells. This 

occurred via the activation of extracellular signal-regulated kinase 1/2 (Erk1/2) and Jun N-

terminal kinase (JNK).
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Materials and methods

Specimen selection

Normal (control) human subchondral bones were obtained from the femoral condyles of 

individuals at autopsy within 12 h of death (mean age±SD: 65±16). These individuals had 

no history of joint disease and died of causes unrelated to arthritic diseases. Moreover, the 

tissues were examined macroscopically and microscopically (histology) to ensure that only 

normal tissue was used. Human OA specimens were obtained from femoral condyles of 

patients undergoing total knee arthroplasty (mean age±SD: 72±8). All patients were 

evaluated by a certified rheumatologist and diagnosed as having OA according to the 

American College of Rheumatology clinical criteria [22]. None of the normal individuals or 

OA patients had received medication that would interfere with bone metabolism. The 

institutional Ethics Committee Board of the University of Montreal Hospital Centre 

approved the use of the human articular tissues.

Subchondral bone osteoblast culture

The subchondral bone osteoblast culture was prepared as previously described [15]. Briefly, 

subchondral bone plate was isolated and cut into small pieces and digested twice for 30 min 

and once for 4 h with collagenase type I in BGJb medium (both from Sigma-Aldrich 

Canada, Oakville, ON, Canada) without serum at 37 °C in a humidified atmosphere of 5% 

CO2/95% air. After this period, the bone pieces were cultured in BGJb medium containing 

20% heat-inactivated fetal calf serum (FCS; Gibco-BRL, Burlington, ON, Canada) and an 

antibiotic mixture (100 U/ml penicillin base and 100 μg/ml streptomycin base) (Gibco-BRL) 

at 37 °C in the humidified atmosphere. When cells were observed in the culture flask, the 

culture medium was replaced with fresh medium containing 10% FCS and cells were 

cultured until confluence. The phenotypic features of osteoblast cultures were determined by 

incubating the cells in the absence or presence of 1,25(OH)2D3 (50 nM) as previously 

described [17,23]. Data showed that these cells were mature differentiated cells as they 

expressed the bone specific markers, alkaline phosphatase and osteocalcin. The osteoblasts 

were harvested with Cell Dissociation Buffer (Gibco-BRL) which contains no protease. 

Cells were then used for PAR-2 expression and production determination or seeded and 

cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) containing 10% 

FCS at 37 °C until confluence.

For the experiments, cells were incubated with DMEM containing 0.5% FCS for 24 h before 

treatment, then treated with IL-1β (100 pg/ml), TNF-α (5 ng/ml), TGF-β1 (10 ng/ml), 

PGE2 (500 nM), IL-6 (10 ng/ml) and IL-17 (10 ng/ml) (all from R&D Systems, 

Minneapolis, MN, USA) in DMEM/0.5% FCS for 72 h for PAR-2 protein determination. 

For the membranous RANKL, OPG, MMP-1, MMP-9, MMP-13 and IL-6 synthesis 

determinations, cells were treated with the specific synthetic PAR-2-activating peptide 

(PAR-2-AP, SLIGKV-NH2) (Bachem, Torrance, CA, USA) for 72 h in DMEM/0.5% FCS. 

The PAR-2-AP concentrations, 100 and 400 μM, were chosen in accordance with our 

previous study and those of others [5,24,25]. For the signalling pathways investigation, cells 

were treated with PAR-2-AP for 0–60 min in DMEM/0.5% FCS.
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RNA extraction, reverse transcription (RT), and real-time polymerase chain reaction (PCR)

Total RNA from human osteoblasts was extracted with TRIzol® (Invitrogen, Burlington, 

ON, Canada) as previously described [20] and genomic DNA was removed following the 

manufacturer’s instructions (Ambion Inc., Austin, TX, USA). The RNA was quantified with 

the RiboGreen® RNA quantification kit (Molecular Probes, Eugene, OR, USA). 

Complementary DNA (cDNA) was reverse-transcribed (RT) from 1 μg total RNA purified in 

a 50 μl reaction mixture containing 1 mM each of deoxynucleotide triphosphates (dNTP) 

(Invitrogen), 0.4 U/μl RNase inhibitor, 2.5 μM of random hexamer (both from GE 

Healthcare, Baie d’Urfé, QC, Canada), 2.5 U/μl of reverse-transcriptase (Invitrogen), 5 mM 

of MgCl2 and 1× of PCR buffer. The reaction mixture was incubated in a DNA thermal 

cycle at 42 °C for 15 min and then stored at −20 °C before use. Real-time PCR was 

performed using primers specific for the human PAR-2 and for the human housekeeping 

gene glyceraldehydes-3-phosphate dehydrogenase (GAPDH). The primers were 5′-

GAAGCCTTATTGGTAAGGTTG (sense) and 5′-CAGAGAGGAGGTCAGCCAAG (anti-

sense) for PAR-2 and 5′-CAGAACATCATCCCTGCCTCT (sense) and 5′-

GCTTGACAAAGTGGTCGTTGAG (anti-sense) for GAPDH. In brief, 10 μl of the cDNA 

obtained from the RT reactions were amplified in a total volume of 25 μl consisting of 1× 

Quantitect SYBR Green PCR Master Mix (Qiagen, Mississauga, ON, Canada), 0.5 U/

reaction uracil-N-glycosylase (UNG) (Invitrogen), and gene-specific primers which were 

added at a final concentration of 200 nM. Real-time quantitation mRNA was performed in 

the Rotor-Gene 6® RG-3000A (Corbett Research, Mortlake, Australia) according to the 

manufacturer’s instructions. Data were processed with Rotor-Gene version 6 Software and 

were given as threshold cycle (CT) corresponding to the PCR cycle at which an increase in 

reporter fluorescence above a baseline signal can first be detected. Plasmid DNAs containing 

target gene sequences were used to generate the standard curves. The CT was converted to 

number of molecules and the values for each sample were calculated as the ratio of the 

number of molecules of the target gene to the number of molecules of GAPDH and 

expressed as arbitrary unit.

Membranous RANKL and PAR-2 determination

Membranous RANKL and PAR-2 were determined using the flow cytometry methodology 

as previously described [20]. Briefly, at the end of the incubation period, cells were washed 

once in PBS, harvested with the Cell Dissociation Buffer at 37 °C, and centrifuged at 500 g 
for 5 min at 4 °C. Cells were re-suspended in 1% BSA/PBS, and 500 μl suspension was 

prepared, having a concentration of 1×106 cells/ml. The suspension was incubated for 30 

min at room temperature and divided into two tubes. One served as negative control to 

which for RANKL a mouse IgG (15 μg/ml; Chemicon International, Billerica, USA) and for 

PAR-2 a mouse IgG coupled to phycoerythrin (IgG-PE: 20 μg/ml; R&D Systems) was added 

and the other was incubated with either a mouse anti-human RANKL antibody (15 μg/ml; 

R&D Systems) or a mouse anti-human PAR-2-phycoerythrin (PE) (20 μg/ml; SAM11, Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) respectively, for 45 min at 4 °C. For RANKL, 

after this period, cells were washed and a goat anti-mouse FITC-conjugated secondary 

antibody (7.5 μg/ml; R&D Systems) was added for another 30 min at 4 °C. Cells were then 

washed in PBS, re-suspended in PBS, and analyzed using flow cytometry (FACSCalibur, BD 

Bioscience, Mississauga, ON, Canada). The negative control sample was used to determine 
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background fluorescence and compared to that of the sample incubated with the specific 

antibody. The level of fluorescence was measured by a FACScan using the CellQuest 

program (BD Bioscience), calculated as the mean fluorescent intensity (MFI) of positive 

cells. Data were expressed in MFI for PAR-2 basal level and in fold of control for RANKL 

and PAR-2 modulation.

Resorptive activity determination

Resorptive activity was determined by using the BD BioCoat Osteologic Bone Cell Culture 

System (BD Bioscience) as previously described [20]. In brief, on a synthetic substrate, 

human peripheral blood mononuclear cells (PBMC; 100,000 cells/well) were cultured in 

DMEM 10% FCS supplemented with M-CSF (25 ng/ml) (R&D Systems) for 5 days at 

37 °C, in order for the PBMC to differentiate into pre-osteoclasts [26]. After this period, 

human OA osteoblasts (10,000 cells/well) were added and incubated for 24 h. Fresh culture 

medium DMEM/10%FCS containing M-CSF (25 ng/ml) and PAR-2-AP at 100 μM or 400 

μM was then added before incubation at 37 °C for 4 weeks. Media was changed every 3 

days. At the end of the incubation period, cells were bleached (6% NaOCl, 5.2% NaCl), 

extensively washed in sterilized water, and stained with Von Kossa as described by the 

manufacturer’s instructions. The resorptive activity was quantitated by the measurement of 

the resorption pits with a light microscope (Leitz Orthoplan; Leica Inc., St. Laurent, QC, 

Canada) using the Bioquant software (Bioquant Osteo II, v8.00.20, Nashville, TN, USA). 

Results were expressed as the mean resorbed surface per total surface.

Signalling pathways determination

The levels of the phosphorylated MAP kinases Erk1/2, p38 and JNK were analyzed by the 

Cellular Activation of Signalling ELISA (CASE™; Super Array Bioscience Corporation, 

Frederick, MD, USA) and NF-κB p65 by a specific ELISA (Assay Designs, Ann Arbor, MI, 

USA).

Protein determination

Human OPG (Medicorp, Montreal, QC, Canada), IL-6, MMP-1, MMP-9 (all from R&D 

Systems) and MMP-13 (Millipore Corporation, Nepean, ON, Canada) production were 

determined in the culture media by specific ELISAs according to the manufacturer’s 

instructions.

Statistical analysis

Values are expressed as mean±SEM. Statistical analysis was performed using unpaired or 

paired Student’s t-test when appropriate, and p values ≤0.05 were considered significant.

Results

PAR-2 expression and production

We first investigated whether PAR-2 is expressed on human subchondral bone osteoblasts, 

comparing normal to OA. Data showed (Fig. 1A) that PAR-2 was expressed on both cell 
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types and that the OA osteoblast (n=8) gene expression level was higher than the normal 

(n=4); however, this did not quite reach statistical significance.

We further determined PAR-2 protein levels by flow cytometry (Fig. 1B) and data revealed 

that the PAR-2 production was significantly enhanced in OA (n=6) osteoblasts compared to 

normal (n=5) (p<0.05) (Fig. 1C).

Modulation of PAR-2 production

Since PAR-2 was present and its levels enhanced in human OA subchondral bone 

osteoblasts, we further investigated on these cells, as they are the focus of this study, factors 

that could be responsible for its up-regulation. Human OA subchondral bone osteoblasts 

(n=4) were treated with factors involved in alterations of this tissue, IL-1β, TNF-α, TGF-β1, 

PGE2, IL-6 and IL-17, and PAR-2 synthesis was determined. Data, as illustrated in Fig. 2, 

revealed that PAR-2 was significantly up-regulated by the pro-inflammatory cytokines IL-1β 
(p<0.03) and TNF-α (p<0.03), and the inflammatory mediator PGE2 (p<0.01). No effect 

was found with TGF-β1, IL-6 or IL-17.

PAR-2 functional consequences

We further investigated on the OA osteoblasts (n=9–12) upon activation of PAR-2 by its 

specific agonist SLIGKV-NH2 (PAR-2-AP) at 100 and 400 μM, the modulation of various 

remodelling factors known to be involved in pathophysiological processes in bone. These 

factors included MMP-1, MMP-9, and MMP-13, the pro-inflammatory cytokine IL-6, and 

the factors involved in bone resorption, OPG and RANKL.

Data revealed that PAR-2 activation significantly increased in a dose-dependent manner 

MMP-1 (PAR-2-AP 100 μM, p <0.04; 400 μM, p<0.001), MMP-9 (p<0.05, both 

concentrations), and IL-6 with significance reached at 400 μM (p<0.04) (Figs. 3A, B, and 

D). The level of MMP-13 production was not affected by the activation of PAR-2 (Fig. 3C).

Interestingly, the membranous RANKL (Figs. 4A, B), but not OPG (Fig. 4C), was also 

significantly up-regulated (p<0.006) by PAR-2 activation in OA osteoblasts (n=10). 

Complementary experiments were performed in which we looked at the level of 

membranous RANKL comparing normal (n=3) and OA (n=10). Data showed, as expected, a 

significantly (p<0.02) higher level of membranous RANKL in OA with a mean fluorescent 

intensity of 127.5±8.9 and 79.5±13.6 for OA and normal osteoblasts, respectively (data not 

shown). Although data (Fig. 4B) showed that in OA osteoblasts, PAR-2 activation 

significantly induced the membranous RANKL level, this was not the case for the normal 

(n=4) osteoblasts (data not shown). On the other hand, the OPG level was not statistically 

different between normal (n=3) and OA (n=10) osteoblasts; values of 12.9± 4.3 pg/106 cells 

and 18.4±1.5 pg/106 cells were recorded respectively (data not shown). In normal (n=4) 

(data not shown) as with the OA cells (Fig. 4C), PAR-2 activation did not affect the 

production of OPG.

Since the above data on OA osteoblasts suggest a pattern of bone resorption, we further 

investigated the effect of PAR-2 activation on the resorptive properties induced by these 

osteoblasts (n=5) by using a co-culture model of human PBMC and OA subchondral bone 
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osteoblasts. PAR-2-AP at 100 and 400 μM enhanced bone resorption, and statistical 

significance was reached at 400 μM (p<0.05) (Fig. 5).

PAR-2-induced signalling pathways

In OA osteoblasts, the effect of PAR-2 activation on the phosphorylated levels of three MAP 

kinases, namely Erk1/2 (n=7), p38 (n=5), and JNK (n=5), and on NF-κB (n=4) was 

determined. Activation of PAR-2 yielded a significant increase in the phosphorylation of 

Erk1/2 at 30 min and JNK at 60 min; this is true for both concentrations used (Fig. 6). The 

other signalling pathways, namely the phosphorylated p38 and NF-κB p65, were not 

significantly modulated following PAR-2 activation (data not shown).

Discussion

To date, few studies have reported the implication of PAR-2 in human OA. It has been 

shown in the literature that PAR-2 is expressed and produced in higher levels in OA 

chondrocytes [4,5], and that its activation in OA cartilage up-regulates some catabolic and 

pro-inflammatory pathways involved in the progression of the disease [5]. To our 

knowledge, only one study has reported that PAR-2 was expressed in osteoblast-like cells 

from rats [27]. In the present study, we showed that this receptor was present in human 

subchondral bone osteoblasts, up-regulated in OA, and that its activation might affect the 

course of pathological processes by inducing the levels of catabolic factors including 

MMP-1, MMP-9, IL-6, and the membranous RANKL, as well as increasing the resorptive 

activity of the osteoblasts. Evidence suggests that the fate of OA subchondral bone is not 

only related to the stiffening of this tissue but also to a resorption process. Thus, the 

catabolic effect of PAR-2 observed on human OA osteoblasts could contribute to and thus 

explain the resorptive remodelling process occurring in this tissue. These findings on the 

resorptive properties of PAR-2 are in agreement with data reporting the involvement of 

PAR-2 activity in periodontitis, a disease characterized by bone loss [28,29], as well as with 

in vivo studies reporting the presence of indicators of subchondral bone resorption in human 

OA patients and in some animal models of OA [12,13,30–32].

Data from the present study showed that PAR-2 production was significantly elevated in OA 

subchondral bone osteoblasts compared to normal, and following its specific activation, 

factors involved in the abnormal metabolism of these cells, including some MMPs, IL-6, and 

RANKL, were up-regulated. In turn, these factors were found to be implicated in the 

resorption of bone matrix (see below), which concurs with the finding that PAR-2 

significantly increased the capacity of osteoblasts to induce resorptive activity.

The data showing the significant enhancement of MMP-1 and MMP-9 synthesis following 

PAR-2 activation are of importance as they concur with the findings that these two MMPs 

are elevated in OA subchondral bone and their levels are linked to the bone resorption 

process in this tissue [33–35]. The fact that the level of MMP-1, but not MMP-13, was up-

regulated following PAR-2 activation is not surprising since MMP-1 was shown to be a key 

enzyme in the processing of collagen type I, the main collagen type in bone matrix [36]. 

Moreover, several studies suggest that in adults, MMP-13 is a specific enzyme of OA 

cartilage [37] even though its expression/production has also been found on osteoblastic 
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cells [38,39]. The elevation of MMP-9 also agrees with the data showing that, in rats, 

activation of PAR-2 triggers periodontitis along with an up-regulation of MMP-9 levels [28]. 

Although the effect of MMP-9 on human bone resorption is now well established and one of 

its important roles in this process is to facilitate the migration of osteoclasts [40,41], recent 

literature has also reported its ability to act on native collagen in a manner similar to that of 

the collagenases [42]. Furthermore, exposure of osteoblasts to bone-resorbing cytokines 

such as IL-1β and TNF-α induces enhanced expression of some MMPs including MMP-9 

[43–45].

In this study we also showed that the pro-inflammatory cytokine IL-6 and RANKL were 

significantly up-regulated following PAR-2 activation. Both factors, IL-6 and RANKL, were 

reported to promote osteoclast formation and activity, thereby potentiating 

osteoclastogenesis [46,47]. Hence, IL-6 secreted by human osteoblasts could promote bone 

resorption either directly on human pre-osteoclast cells [48,49] or indirectly via increasing 

the level of RANKL [20,50] and/or having a synergy [51]. In either case, this cytokine and 

RANKL act as potent inducers of osteoclast formation.

The results showing that PAR-2 in both cell types studied, normal and OA osteoblasts, 

demonstrated no effect on the OPG production, are of importance, as the OPG/RANKL ratio 

plays a crucial role in orientating the pathophysiological evolution of bone remodelling. 

Interestingly, abnormal OPG and RANKL levels favouring increased RANKL were recently 

reported in human OA subchondral bone [20,52]. Thus, one can hypothesize that the 

increased RANKL in this human tissue could be due, at least in part, to an increase in PAR-2 

activation.

Further investigation of the modulatory factors of PAR-2 production in human OA 

osteoblasts showed that the pro-inflammatory cytokines IL-1β and TNF-α, as well as PGE2, 

significantly enhanced the PAR-2 protein synthesis. Such an effect by these factors, 

especially IL-1β and TNF-α, was not surprising as this was previously reported to occur in 

OA chondrocytes as well as in other cell types [4,5,53,54]. The finding that PAR-2 

significantly increased the resorptive activity of the osteoblasts also concurs with this data, 

as these three factors are considered potent bone-resorbing agents [55–61]. Thus, the 

increased level of PAR-2 in OA subchondral bone compared to normal may be associated 

with an increased level of these factors during the progression of the disease.

The PAR-2-mediated functional consequence in human OA cells implicates the activation of 

the MAP kinases Erk1/2 and JNK. These two MAP kinase signalling cascades were found to 

play a crucial role in the response of osteoblasts to a variety of stimuli, particularly to those 

activated downstream of several G-protein-coupled receptors [62–64]. More specifically, our 

data are in agreement with those showing that the Erk1/2 pathway was preferentially 

employed following PAR-2 activation in the induction of MMP-9 in bronchial and airway 

epithelial cells [65,66] and of MMP-1 in human OA chondrocytes [5]. Moreover, PAR-2 was 

also shown to induce IL-6 levels through both Erk1/2 and JNK in endometriotic stromal 

cells and in human blood eosinophils [67,68]. Although little is known about the signalling 

pathway of PAR-2-inducing RANKL production, Tsubaki et al. [69] recently reported the 

requirement of Erk1/2 for the up-regulation of RANKL expression in osteoblasts.
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Bone remodelling involves a close coupling of bone resorption and formation. Our data 

showed that abnormal PAR-2 activity may lead to an imbalance in bone remodelling, 

favouring bone resorption. In vivo activation of PAR-2 occurs through the involvement of a 

proteolytic cleavage. According to the literature, enzymes from the serine dependent 

protease family appear to be responsible for the activation of this receptor [1,2]. However, 

although some serine proteases are known to activate PARs, the endogenous activator of 

PAR-2 in joint tissues is yet to be identified. In OA tissues, and particularly in the 

subchondral bone, the predominant serine protease that is up-regulated is the urokinase 

(uPA), which belongs to the plasminogen activator/plasmin system [15,23]. Moreover, data 

from studies using an OA dog model showed that in vivo treatment that reduces subchondral 

bone resorption was associated with a reduction in the level of the uPA [70,71]. Although 

very speculative, it is tempting to hypothesize that in vivo activation of PAR-2 in humans 

occurs via the uPA. Studies are currently underway to validate this hypothesis.

In conclusion, this study is the first to report that PAR-2 is likely to be involved in the 

abnormal remodelling process that occurs in human OA subchondral bone. PAR-2 activation 

can induce the production of inflammatory mediators and MMPs as well as RANKL in 

subchondral bone, providing a critical link between inflammation and tissue remodelling 

and destruction. Although the initiating event of OA has yet to be identified, there is now 

strong evidence showing that subchondral bone alterations are closely associated with a 

resorptive activity at an early stage of the disease [13,20,33,70]. The catabolic involvement 

of PAR-2 activation during human OA appears to be present in the major articular tissues 

including cartilage [4,5], synovial membrane [72,73] and, from the present study, the 

subchondral bone. Hence, PAR-2 is an interesting candidate for the development of 

therapeutic approaches to this disease. Inhibition of the production and/or activation of this 

receptor may represent a novel therapeutic alternative for OA, targeting not only the 

cartilage but also the subchondral bone.
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Fig. 1. 
Proteinase-activated receptor 2 (PAR-2) (A) gene expression and (B, C) protein production. 

(A) Histogram of mRNA expression in normal (n=4) and OA (n=8) subchondral bone 

osteoblasts. (B) A flow cytometry representative profile of the PAR-2 specific antibody 

showing the pattern of a mouse IgG as control for background fluorescence and normal and 

OA human subchondral bone osteoblasts. (C) Level of the cell surface PAR-2, as determined 

by flow cytometry, in normal (n=5) and OA (n=6) osteoblasts. The p value indicates the 

comparison of normal and OA osteoblasts using the Student’s t-test.
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Fig. 2. 
PAR-2 synthesis modulation, as determined by flow cytometry, in human OA subchondral 

bone osteoblasts (n=4). Cells were treated with IL-1β, TNF-α, TGF-β1, PGE2, IL-6 and 

IL-17 for 72 h. Data are expressed as fold of control in which the control was assigned a 

value of 1. P values indicate the comparison with the untreated (Ctl) cells using the paired 

Student’s t-test.
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Fig. 3. 
Production of the metalloproteases (A) MMP-1, (B) MMP-9, and (C) MMP-13, and (D) the 

pro-inflammatory cytokine IL-6 following specific PAR-2 activation. OA subchondral bone 

osteoblasts (n=9–12) were incubated for 72 h in the absence (Control) or presence of PAR-2-

AP at 100 and 400 μM. Data are expressed as fold of control in which the control was 

assigned a value of 1. P values indicate the comparison with the untreated (Control) cells 

using the paired Student’s t-test.
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Fig. 4. 
(A, B) Membranous RANKL and (C) OPG production levels from OA subchondral bone 

osteoblasts. (A) A flow cytometry representative profile of a RANKL specific antibody 

showing the pattern of a mouse IgG as control for background fluorescence and human OA 

subchondral bone osteoblasts. Level of (B) membranous RANKL (n=10) in human OA 

subchondral bone osteoblasts and (C) OPG (n=10) production as determined by a specific 

ELISA assay in OA human subchondral bone osteoblasts. Cells were incubated in the 

absence (Control) or presence of PAR-2-AP at 400 μM for 72 h. Data are expressed as fold 

of control in which the control was assigned a value of 1. The p value indicates the 

comparison with the untreated (Control) cells using the paired Student’s t-test.
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Fig. 5. 
Resorptive activity of human OA osteoblasts (n=5) co-incubated with human PBMC, on a 

synthetic substrate, in the absence (Control) or presence of PAR-2-AP at 100 and 400 μM 

for 4 weeks in DMEM/FCS supplemented with M-CSF (25 ng/ml) as described in Materials 

and methods. Data are expressed as the mean resorbed surface over the total surface. The p 
value indicates the comparison with the untreated (Control) cells using the paired Student’s 

t-test.
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Fig. 6. 
Signalling pathways induced by specific PAR-2 activation. Time and dose profiles of PAR-2 

signalling phosphorylated (A) Erk 1/2 (p-Erk 1/2) (n=7) and (B) JNK (p-JNK) (n=5) in OA 

human subchondral bone osteoblasts. Cells were incubated in the absence (−) or presence of 

PAR-2-AP at 100 and 400 μM for 0 (−) to 60 min. Data are expressed as fold of control in 

which the control was assigned a value of 1. P values indicate the comparison with the 

untreated (−) cells using the paired Student’s t-test.
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