Proteinase-activated Receptor-2 Gene Disruption
Limits the Effect of Osteoarthritis on Cartilage in Mice:
A Novel Target in Joint Degradation
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ABSTRACT. Objective. Evidence indicates that proteinase-activated receptor (PAR)-2 participates in the degrada-

tive processes of human osteoarthritis (OA). We evaluated the in vivo effect of PAR-2 on articular
lesions in a PAR-2-knockout (KO) mouse model of OA.

Methods. OA was surgically induced by destabilization of the medial meniscus of the right knee in
C57B1/6 wild-type (WT) and PAR-2 KO mice. Knee swelling was measured throughout the duration
of the study (8 weeks postsurgery) and histologic evaluation of cartilage was done to assess struc-
ture, cellularity, matrix staining, and remodeling in the deep zone. Morphometric analysis of sub-
chondral bone was also performed.

Results. Data showed significant knee swelling in the operated WT mice immediately following sur-
gery, which increased with time (8 weeks post-surgery). Knee swelling was significantly lower (p <
0.0001) in PAR-2 KO mice than in WT mice at both 4 and 8 weeks postsurgery. Cartilage damage
was found in both operated WT and PAR-2 KO mice; however, lesions were significantly less severe
(global score; p < 0.05) in the PAR-2 KO mice at 4 weeks postsurgery. Operated WT mice showed
reduced subchondral bone surface and trabecular thickness with significance reached at 4 weeks
(p <0.03 and p < 0.05, respectively), while PAR-2 KO mice demonstrated a gradual increase in sub-
chondral bone surface with significance reached at 8 weeks (p < 0.007).

Conclusion. We demonstrated the in vivo implication of PAR-2 in the development of experimental
OA, thus confirming its involvement in OA joint structural changes and reinforcing the therapeutic
potential of a PAR-2 antagonist for treatment of OA. (J Rheumatol First Release Feb 1 2011;

doi:10.3899/jrheum.100710)
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OSTEOARTHRITIS
SUBCHONDRAL BONE

Osteoarthritis (OA) is a slowly progressive disease resulting
in erosion and loss of articular cartilage. Although the
changes in cartilage are linked to a combination of mechan-
ical and biochemical factors, significant evidence points to
an association with inflammation, which is among the most
significant changes that take place during the development
of OA!. Studies have also revealed that, in the OA process,
biological and morphological disturbances occur in the sub-
chondral bone, and these alterations are suggested to be
responsible for early pathological changes in cartilage?.

There is no known cure for OA, only symptomatic treat-
ments. The most widely used therapeutics are analgesics,
nonsteroidal antiinflammatory drugs, and anticyclooxyge-
nase (COX)-2 drugs. However, to date these drugs have not
proven to reduce the joint structural modifications that occur
during the OA process. Therefore, there is a need to identi-
fy new potential therapeutic targets able to arrest the disease
progression, which would spare articular tissues and prevent
symptoms including pain, swelling, and inflammation.

A member of a membrane receptor family, the pro-
teinase-activated receptor (PAR), was reported to be
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involved in the inflammatory process. These receptors
belong to 7-transmembrane G protein-coupled receptors and
are activated through a unique process of proteolytic cleav-
age. This cleavage requires a serine-dependent protease that
unmasks an N-terminal sequence called a tethered ligand,
which in turn binds to the receptor’s second extracellular
loop, thus activating the receptor’s signaling cascade’. This
receptor’s unique activation method is an irreversible phe-
nomenon®. This family is composed of 4 members (PAR-1
to PAR-4) expressed by several cell types and implicated in
numerous physiological and pathological processes’.
Although some members of the PAR family have recently
been shown to be involved in inflammatory pathways, PAR-
1 has been found to also be involved in arthritic tissues.
Marty, et al® reported that the inhibition of thrombin, which
is the main activator of PAR-1, reduced the development of
arthritis in mice. In the same line of thought, Yang, et al’
demonstrated that PAR-17~ mice showed a significantly
reduced severity of arthritis in an induced model. In joint
inflammation, studies also provide strong evidence support-
ing an essential role of PAR-2 activation. Indeed, injection
of a synthetic PAR-2 agonist was found to prolong joint
swelling and synovial hyperemia in mice®. In contrast,
intraarticular injection of PAR-2 small interfering RNA
reduced arthritis in mice®. Moreover, in PAR-27~ mice, the
joint swelling in response to exogenous treatment with
trypsin and tryptase, known activators of PAR-2, was
absent’. Further, disruption of the proteolytic activation of
PAR-2 by using a PAR-2 monoclonal antibody or a PAR-2
antagonist attenuated the joint inflammation®. In patients
with rheumatoid arthritis, PAR-2, located in the synovial
membrane, was predominantly found in endothelial cells of
the synovium, in macrophage of the lining layer and sublin-
ing area, in mast cells of the sublining area, and in synovial
fibroblasts!%!!. Together, these data suggest a role of PAR-
2 in the development of inflammatory joint diseases.

In OA pathology, PAR-2 has recently been documented
in human cartilage/chondrocytes and synovial membrane/
synovial fibroblasts!213:14.15 "with its expression levels sig-
nificantly increased in OA compared to normal cells. In OA
cartilage, PAR-2 activation has been associated with
increased production of the matrix metalloproteinases
(MMP)-1 and MMP-13, and COX-2!3, well known key
mediators of OA pathophysiology. Moreover, PAR-2 was
also found to be present in human subchondral bone
osteoblasts and was upregulated in OA'®. In these OA cells,
PAR-2-specific activation resulted in an upregulation of the
level of membranous receptor activator of nuclear factor-kB
ligand (RANKL) with no effect on osteoprotegerin produc-
tion, as well as in an increase in bone resorptive activity!.

Our aim was to further investigate the in vivo effect of
PAR-2 on the development of articular lesions. We explored
the role of this receptor in PAR-2 knockout (KO) mice using
a surgically induced model of OA. Histologic and morpho-

logical changes in the cartilage and in the subchondral bone
were evaluated.

MATERIALS AND METHODS
Experimental animals. Wild-type (WT) C57B1/6 mice (Charles River
Laboratories International Inc., Montreal, QC, Canada) and PAR-2 KO
(PAR-27) C57B1/6 mice (The Jackson Laboratory, Bar Harbor, ME, USA)
of both sexes were housed in wire cages in animal facilities with controlled
temperature, humidity, and light cycles. They were allowed food and water
ad libitum. The PAR-2 KO mice were generated from 3 homozygous
PAR-2 KO reproducer pairs, which had a PAR-2 gene disrupted by the
insertion of a construct containing hygromycin and neomycin selection
genes. All the mice born from this breeding were genotyped for the dis-
rupted PAR-2 gene. For each PAR-2 KO mouse generated, a piece of tail
was subjected to a complete lysis with the DirectPCR Lysis Reagent and
Proteinase K, following the manufacturer’s instructions (Viagen Biotech
Inc., Los Angeles, CA, USA). The polymerase chain reaction (PCR) was
performed on the genomic DNA using the following primer sequences: for
neomycin gene, 5’-CTT GGG TGG AGA GGC TAT TC-3’ (antisense) and
5’-AGG TGA GAT GAC AGG AGA TC-3’ (sense); and for PAR-2 gene,
5’-GGA TAG CCC TCT GCC TTT TC-3’ (antisense) and 5’-GCA TTG
AAC ATC ACC ACC TG-3’ (sense). PCR amplification products were
resolved by electrophoresis on a 2% agarose gel.

Mice used in this study were 8 weeks old, and they were distributed into
3 groups: control group consisting of nonoperated mice (WT, n = 11-17;
PAR-2 KO, n = 8-22), operated mice sacrificed 4 weeks postsurgery (WT,
n = 6-20; PAR-2 KO, n = 10-13), and operated mice sacrificed 8 weeks
postsurgery (WT, n = 10-20; PAR-2 KO, n = 7-14). In a study using a sham
mouse group of C57Bl/6 genetic background in which an opening of the
knee capsule was performed at 8 weeks, no OA lesions of the articular tis-
sues were observed, a finding that concurs with other studies!”.

Surgically induced OA mouse model. OA was surgically induced in
C57B1/6 WT and PAR-2 KO mice by destabilization of the medial menis-
cus (DMM)!8. The mice were anesthetized under isoflurane and O,, and the
destabilization of the right knee joint was induced by transection of the
anterior attachment of the medial meniscus to the tibial plateau.
Immediately after surgery, an antibiotic ointment, silver sulfadiazine, was
applied to the scar site and an analgesic, buprenorphine, was given postop-
eratively for 2 to 3 days. Mice were observed daily to verify healing and to
ensure that they were using their right hind limb.

The day of OA induction was considered Day 0 (DO0); the animals were
sacrificed at 4 and 8 weeks postsurgery following a pentobarbital sodium
injection. All mouse experiments were performed according to regulations
established by the Canadian Council on Animal Care and were approved by
the Animal Care Committee of the University of Montreal Hospital Centre.

Knee joint swelling evaluation. The mice of all groups (nonoperated and
operated) were examined daily and knee diameter was measured in the
mediolateral plane twice a week using a digital caliper (model 2071M,
Mitutoyo Corp., Kawasaki, Japan)!'®. The swelling corresponded to the dif-
ference between joint diameter measured after surgery and joint diameter
prior to surgery (DO).

Histologic evaluation. Mice were euthanized at 4 and 8 weeks after surgery
or at equivalent age for the control (nonoperated) mice, and the entire knee
joints were fixed in TissuFix #2 (Chaptec, Montreal, QC, Canada). The
whole joint was decalcified in RDO Rapid Decalcifier for bone (Apex
Engineering, Plainfield, IL, USA), and embedded in paraffin for histologic
evaluation, as described?’. Frontal sections of 5 ym were stained with
safranin-O, and 1 section per animal from the weight-bearing area of the
joint was analyzed. Two independent observers blinded to group allocation
graded the severity of the OA lesions in each specimen on a scale of 0 to
20 adapted from Mankin, e al?!, and as described2922, This scale was used
to evaluate the severity of modifications based on surface/structural
changes in cartilage (scale O to 5), cellular changes in cartilage (scale O to
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4), the loss of cartilage matrix staining with safranin-O (scale O to 4), struc-
ture of the deep zone of cartilage (scale O to 4), and subchondral bone
remodeling (scale O to 3). The final histologic score represented the most
severe histologic changes within the cartilage lesions and subchondral bone
on the medial tibial plateau.

Subchondral bone histomorphometry. Histomorphometry analysis was per-
formed using a Leica DMLS microscope (Leica, Weitzlar, Germany) con-
nected to a personal computer [Pentium IV-based, using OSTEO II Image
Analysis Software (Bioquant, Nashville, TN, USA)]. The bone histomor-
phometry was performed on each specimen using a published method?2-23.
The section was chosen from the weight-bearing area of the joint, and, as
in the other evaluations (histology and immunohistochemistry), 1 slide per
animal was analyzed. From each specimen, 2 representative fields were
identified (500 x 250 ym boxes; original magnification 60x). The lower
limit of cartilage/subchondral bone junction was used as the upper limit of
each field. The measurements and all histomorphometry data collected
were as described?223, The subchondral bone surface (percentage) and tra-
becular thickness (#m) measurements were taken. The subchondral bone
surface was determined by subtracting the bone surface lacuna area (mm?)
from the total bone surface area (mm?). The measurements made for the 2
fields were then averaged for each specimen. Values for each section were
considered separately for the purpose of statistical analysis.

Immunohistochemistry. Specimens were processed for immunohistochem-
ical analysis, as described?324, Serial sections were made from each speci-
men and 3 nonconsecutive sections from each specimen were processed for
immunohistochemical analysis. Sections (5 pm) of paraftin-embedded
specimens were placed on Superfrost Plus slides (Fisher Scientific,
Nepean, ON, Canada), deparaffinized in xylene, rehydrated in a reversed
graded series of ethanol, and incubated in polyethylene glycol (0.3%) for
30 min. The specimens were then washed in phosphate-buffered saline
(PBS) and in 0.3% hydrogen peroxide/PBS for 15 min. Slides were further
incubated with a blocking serum (Vector, Burlingame, CA, USA) for 45
min, blotted, and then overlaid with the primary goat polyclonal antibody
against PAR-2 (S-19; dilution 1:250; sc-8207, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) overnight at 4°C in a humidified chamber.

Each slide was washed 3 times in PBS (pH 7.4) and stained using the
avidin-biotin complex method (Vectastain ABC kit; Dako Diagnostic Inc.,
Mississauga, ON, Canada). This method entails incubation in the presence
of the biotin-conjugated secondary antibody (anti-goat) for 45 min at room
temperature followed by the addition of the avidin-biotin-peroxidase com-
plex for 45 min at room temperature. All incubations were carried out in a
humidified chamber and color was developed with a 3,3’-diaminobenzidine
(Dako Diagnostic) containing nickel chloride. Slides were counterstained
with eosin.

To determine the specificity of the staining, a control using the
adsorbed immune serum (1 h at 37°C) with a blocking peptide for PAR-2
(Santa Cruz Biotechnology) was performed according to the same experi-
mental protocol. The control showed only background staining.

Each section was examined with a light microscope (Leica DMLS) and
photographed with a QImaging Retiga camera (Surrey, BC, Canada).

Statistical analysis. Values are expressed as mean + SEM. Statistical analy-
sis was performed using unpaired Student’s t test or Mann-Whitney U test
when appropriate. P values < 0.05 were considered significant.

RESULTS

PAR-2 KO mouse genotyping. The PAR-2 KO mice were
genotyped to confirm that they had a disruption of the PAR-
2 gene. The original PAR-2 fragment size is 200 bp, which
should be 280 bp in the PAR-2 KO mice because of the
hygromycin and neomycin insertion genes. The PAR-2 KO
mice had a PAR-2 fragment of 280 bp as expected, while the
WT mice showed a PAR-2 fragment of 200 bp (Figure 1A).

Moreover, the absence of PAR-2 was confirmed by the lack
of PAR-2 immunostaining in the PAR-2 KO versus WT
mouse tissue (Figure 1B).

Knee joint swelling measurement. To evaluate whether
PAR-2 could be involved in the inflammatory process, joint
swelling was measured in the right knee. Data showed that
compared to the control WT mice (nonoperated), the oper-
ated WT mice developed significant joint swelling at D1
postsurgery (data not shown). The joint swelling was main-
tained until the end of the experiments, i.e., at 4 weeks
(DMM 4W WT; p < 0.0001) and 8 weeks (DMM 8W WT;
p < 0.005) postsurgery (Figure 2). Similarly, the operated
PAR-2 KO mice, compared to the control PAR-2 KO (non-
operated) mice, also developed joint swelling at D1 (data
not shown) with a maximum reached at D7 (p < 0.0001 for
both KO groups; Figure 2). In contrast to the operated WT
mice, starting at D7 a gradual reduction in joint swelling in
the operated PAR-2 KO mice was noted, and values
returned to the basal levels of the controls (nonoperated) at
4 and 8 weeks postsurgery (Figure 2). The right knee
swelling of the WT mice remained significantly greater than
that of the PAR-2 KO mice at all timepoints, and signifi-
cance at 4 and 8 weeks postsurgery was p < 0.0001 for both.
Although the swelling observed immediately after surgery
could be attributable to the surgery, the joint swelling in the
operated PAR-2 KO mice remained significantly less than in
the operated WT mice. Of note, as expected the operated
sham group mice showed only a transient joint swelling
(data not shown).

Histologic analysis. The effect of PAR-2 KO was further
evaluated on cartilage and subchondral bone using histolog-
ic analysis. The global (total) histologic evaluation of the
medial tibial plateau showed that both WT and PAR-2 KO
mice developed significant OA lesions at 4 weeks (p < 0.002
and p = 0.003, respectively) and 8 weeks (p <0.04 and p <
0.002) postsurgery, compared to the nonoperated control
group. However, these lesions were less severe in PAR-2
KO mice and a statistically significant difference was
reached between WT and PAR-2 KO mice at 4 weeks (p <
0.05) postsurgery (Figure 3A and 3B).

Data from the different criteria of the scoring scale
showed that, compared to the nonoperated control mice,
both WT and PAR-2 KO mice presented a significant alter-
ation in cartilage surface at 4 weeks (p < 0.0004 and p <
0.002, respectively) and 8 weeks (p < 0.02 and p < 0.0006)
postsurgery (Figure 4A). However, there was significantly
more damage in WT compared to PAR-2 KO mice at 4
weeks postsurgery (p < 0.003; Figure 4A).

The cartilage cellularity of the operated WT mice, com-
pared to the nonoperated control mice, demonstrated signif-
icant hypocellularity at 4 weeks (p < 0.003), while cells
from PAR-2 KO mice at 4 and 8 weeks postsurgery demon-
strated less hypocellularity and were in clusters (p < 0.005
and p = 0.02, respectively; Figure 4B). The cartilage cellu-
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Figure 1. A. A representative analysis of semiquantitative RT-PCR of wild-type (WT) and disrupted PAR-2
fragment performed on two WT mice and two PAR-2 knockout mice. bp: base pair. B. Representative section
of PAR-2 immunodetection in WT and PAR-2 KO unoperated mice (control; original magnification 400x).
Arrows indicate PAR-2 staining on chondrocytes.
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Figure 2. Right knee swelling in wild-type (WT) control (CTL; nonoperated) group (n = 17), in
WT operated (DMM) at 4 weeks (4W) group (n = 20), in WT DMM 8W group (n = 20), in PAR-
2 knockout CTL group (nonoperated; n = 22), in PAR-2 knockout DMM 4W group (n = 13), and
in PAR-2 KO DMM 8W group (n = 14). Mice were examined daily and knee diameter (mm)
measured using a digital caliper. The swelling corresponded to the difference between joint diam-
eter measured at each timepoint and joint diameter prior to the experiment (DO). Statistical analy-
sis was by unpaired Student’s t test. P values < 0.05 were the comparison between (*) the WT CTL
and WT DMM 4W or WT DMM 8W groups, between (**) the PAR-2 KO CTL and PAR-2 KO
DMM 4W or PAR-2 KO DMM 8W groups, and between (#) WT and PAR-2 KO groups.

larity in the WT mice was significantly more affected than scored lower than the WT mice, although both experimental
that in the PAR-2 KO mice at 4 weeks postsurgery (p <0.02; groups showed significant loss of safranin-O staining at 4
Figure 4B). weeks (WT, p < 0.03; PAR-2 KO, p < 0.02) and 8 weeks

The cartilage matrix staining of the PAR-2 KO mice (WT, p = 0.02; PAR-2 KO, p = 0.04) postsurgery (Figure
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Figure 3. Histologic analysis of the medial tibial plateaus 4 and 8 weeks postsurgery. A. Total score in wild-type
(WT) control (CTL; nonoperated) group (n = 11), in WT operated (DMM) at 4 weeks (4W) group (n = 10), in
WT DMM 8W group (n = 10), in PAR-2 knockout (KO) CTL (nonoperated) group (n = 16), in PAR-2 KO DMM
4W group (n = 13), and in PAR-2 KO DMM 8W group (n = 10). Data are mean + SEM and statistical analysis
was by Mann-Whitney U test. P values < 0.05 were the comparison between (*) the WT CTL and WT DMM
4W or WT DMM 8W groups, between (**) the PAR-2 KO CTL and PAR-2 KO DMM 4W or PAR-2 KO DMM
8W groups, and between (#) WT and PAR-2 KO groups. B. Representative sections of OA cartilage from the
medial tibial plateaus of the study groups (safranin-O staining; original magnification 100x).
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4C) compared to the nonoperated controls. However, signif-
icant difference was not reached between WT and PAR-2
KO mice.

In the deep zone of cartilage, the changes were greater in
both experimental groups compared to their nonoperated
control groups. Nevertheless, these did not reach statistical
significance (Figure 4D).

At the subchondral bone level, the remodeling process in

both groups was greater than that in the nonoperated control.
However, PAR-2 KO mice at 4 weeks had significantly
greater remodeling than the nonoperated PAR-2 KO control
(p = 0.05), but less than the operated WT mice at 4 weeks
(Figure 4E).
Subchondral bone histomorphometric analysis. Finally, the
subchondral bone surface and trabecular thickness were also
evaluated (Figure 5). Data showed a significant reduction in
bone surface in WT mice at 4 weeks postsurgery (p <0.03),
while the PAR-2 KO mice had a significant increase in bone
surface at 8 weeks postsurgery (p < 0.007; Figure 5A). Of
note, the nonoperated control PAR-2 KO mice had a signif-
icantly decreased percentage of bone surface compared to
the nonoperated control WT mice (p < 0.0001; Figure 5A).

The pattern for the trabecular thickness was similar to
that of the bone surface, in which the WT mice at 4 weeks
post-surgery showed a significant decrease (p < 0.05; Figure
5B), an effect that reverted at 8 weeks post-surgery. In con-
trast to the WT mice, the PAR-2 KO mice had increased tra-
becular thickness at 4 and 8 weeks post-surgery; however,
this did not reach statistical significance.

DISCUSSION

Although considerable advances have been made toward
better understanding of the pathophysiological pathways in
the OA process, much remains to be done to develop an
effective disease-modifying OA drug that would reduce or
stop the progression of the disease. In this context, new can-
didates that are able to target several joint tissues need to be
identified.

Data from in vitro studies as well as our in vivo work
strongly suggest that PAR-2 is an interesting candidate for
an OA therapeutic target. Indeed, in OA tissues in vitro,
PAR-2 activation was found to upregulate the synthesis of
some inflammatory mediators and MMP in cartilage, and to
increase RANKL production and resorptive activity in sub-
chondral bone osteoblasts!3:16, providing a critical link
between inflammation and tissue remodeling/destruction.
Our in vivo study using PAR-2 KO mice validates these in
vitro findings and confirms the relationship between PAR-2
and the evolution of OA. PAR-2 thus appears to be a candi-
date in early OA.

The use of PAR-2 KO mice combined with a surgically
induced OA model allowed us to study the chronological
progression of this disease and the contribution of PAR-2 to
the process. The OA model chosen, consisting of a destabi-

>
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Figure 5. Histomorphometric analysis of subchondral bone in wild-type
(WT) control (CTL; nonoperated) group (n = 11), in WT operated (DMM)
at 4 weeks (4W) group (n = 6), in WT DMM 8W group (n = 10), in PAR-
2 knockout (KO) CTL (nonoperated) group (n = 8), in PAR-2 KO DMM
4W group (n = 10), and in PAR-2 KO DMM 8W group (n = 7). The mor-
phometric data presented are (A) the bone surface percentage of the sub-
chondral bone, and (B) the trabecular thickness (xm). Data are mean +
SEM; statistical analysis was by unpaired Student’s t test. P values < 0.05
were the comparison between (¥) the WT CTL and WT DMM 4W or WT
DMM 8W groups, between (**) the PAR-2 KO CTL and PAR-2 KO DMM
4W or PAR-2 KO DMM 8W groups, and between (#) WT and PAR-2 KO
groups.

lization of the knee by partial transection of the medial
meniscus of the tibial plateauls, induces mild OA lesions,
which mimic the first stages of the human disease.

The data showing that the PAR-2 KO mice had reduced
joint swelling compared to the WT mice as early as D7,
which was maintained over time, suggested that PAR-2
could be a mediator in the OA inflammatory process.
Although the early measurements could have reflected the
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wound healing, this was not the case later, as there were sus-
tained significant differences between PAR-2 KO and WT.
These data also agree with those of Kawabata, et al?> and
Ferrell, et al8 using other models. The role of PAR-2 in OA
inflammation could be related to its effect on COX-2 pro-
duction, a factor known to be involved not only in the OA
inflammatory pathways but also in the joint swelling
process in induced arthritis models?®2”. Moreover, the PAR-
2 activation was shown to upregulate COX-2 in various
human cell types?®-2%30 and in human OA cartilage!3. Since
the change observed in joint diameter could be a conse-
quence of, or confounded by, other factors, e.g., bone
remodeling, the implication of PAR-2 in inflammation
requires additional studies for which another OA model
should be used because, as reported by Glasson, et alP!, the
OA model used in this study did not show appreciable
synovitis.

Because cartilage demonstrates a remodeling process in
favor of catabolism during OA, we further explored the
implication of PAR-2 in such a process. Data first showed
that the operated PAR-2 KO mice had significantly less
damage on the cartilage surface than the WT mice at 4
weeks postsurgery, suggesting that PAR-2 is involved in the
structural changes in this tissue. These findings were recent-
ly supported by Ferrell, et al*?> who showed, using another
OA-induced model (sectioning of the medial meniscotibial
ligament), that the cartilage erosion seen in WT mice was
substantially reduced in PAR-2 KO mice. A possible expla-
nation for the PAR-2 effect on cartilage surface and cartilage
matrix alterations could be its modulation of the production
of some MMP. Indeed, in cartilage, among the important
members of the MMP family, the collagenases MMP-1 and
MMP-13 have been suggested to be highly involved in the
development of OA333435 Data further suggest that MMP-
1 is involved mostly during the inflammatory process and
MMP-13 during the remodeling process36-37-38. These 2
MMP could very well be involved, as recent data have
revealed their induction in OA cartilage upon PAR-2
activation'3.

In the cartilage from the operated WT mice, there was a
high level of hypocellularity, while the PAR-2 KO mouse
chondrocytes were still in clusters, indicating a delay in the
development of the disease in the PAR-2 KO mice at 4
weeks postsurgery. Modulation and loss of cartilage cellu-
larity is a feature of OA, and hypocellularity reflects cell
death occurring by necrosis and/or apoptosis. Although the
factors involved in cell death in cartilage are numerous,
PAR-2 could be among them, as its activation was shown to
lead to neuronal cell death in rats3® through reactive oxygen
species*, molecules known to be present in joint diseases*!.

Imbalance in subchondral bone resorption/formation is a
well described phenomenon in the pathogenesis of OA.
Moreover, evidence suggests that subchondral bone alter-
ations take place early during the OA process and that this

tissue plays a key role in cartilage degeneration in
humans?424344 as well as in OA animal models?3#54°_ In
our in vivo study, the operated WT mice demonstrated sub-
chondral bone remodeling at 4 weeks postsurgery, i.e.,
reduced subchondral bone surface and trabecular thickness,
while at 8 weeks the subchondral bone surface and the tra-
becular thickness tended to revert to the basal level (control
WT mice). Botter, et al, using a different strain, reported an
increase in bone surface*’. Although this appears to contrast
with our result, one could speculate that at 4 weeks post-
surgery, the WT mice demonstrated subchondral bone
resorption that at 8 weeks progressed to subchondral bone
sclerosis. To confirm this, this tissue would have to be eval-
uated after a longer period postsurgery.

The operated PAR-2 KO mice, compared to the nonoper-
ated controls, exhibited no alteration in subchondral bone
surface or trabecular thickness. This suggests that the PAR-2
KO induced less production of resorptive factors, which
concurs with an in vitro study on human OA subchondral
bone osteoblasts!® in which PAR-2 activation increased the
levels of RANKL and resorptive activity, as well as levels of
MMP-1, MMP-9, and interleukin 6, factors actively
involved in bone resorption***849 Interestingly, at 8 weeks
postsurgery, the PAR-2 KO mice showed a significant
increase in subchondral bone surface and a trend toward
increased trabecular thickness, to a level similar to that of
the control WT mice (nonoperated). This observation sup-
ports the hypothesis of Song, et al*” that the lack of PAR-2
favors the effect of another member of the PAR family,
PAR-1, which may play a role in bone repair.

Data showed that the control PAR-2 KO mice exhibited
a decreased subchondral bone surface compared to the con-
trol WT mice, suggesting a role for PAR-2 in the physiolo-
gy of this tissue. This hypothesis is supported by a recent
study>! in which osteoblasts from PAR-2 KO mice com-
pared to WT did not exhibit an increase in collagen type I
messenger RNA expression, leading to a disorganization in
bone matrix formation. This study also reported that these
osteoblasts in the PAR-2 KO mice increased in number
more rapidly than WT cells, an effect probably caused by
decreased apoptosis rather than increased proliferation.
These findings, along with our data, indicate that PAR-2 is
an important receptor for bone matrix synthesis, and thus for
bone formation.

The OA lesions, evaluated with the global histological
score as well as some of the subcriteria of the scoring scale,
although not statistically significant, showed a decreased
score at 8 weeks compared to 4 weeks postsurgery. This
could indicate recovery of the OA process at the latter time-
point. Indeed, such a situation has been described for anoth-
er induced-OA animal model, the monoiodoacetate intraar-
ticular injection?, and the authors postulated that OA devel-
opment is cyclic, with a reverse phase between 2 OA devel-
opment phases. However, it cannot be excluded that the age
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of the animals could have influenced the disease progression
and that using younger mice could have favored a decrease
in the score at 8 weeks postsurgery. Nonetheless, 8-week-
old mice have already been used in this OA model!”>3. We
can then hypothesize that PAR-2 belongs to a gene group
implicated in OA development, and that its disruption does
not induce severe OA lesions as might be expected with this
type of surgery in mice at 8§ weeks postsurgery. Thus, in
view of our overall results, we suggest that PAR-2 could be
involved in early-stage OA (e.g., 4 weeks postsurgery) and
possibly in the later stages of OA. However, to confirm this,
a study of longer duration (e.g., 12 weeks postsurgery) is
necessary. A limitation of our study is that the groups includ-
ed both sexes, and in the DMM model, females develop less
severe lesions than males.

In OA, future therapeutic approaches should target not
only reduction in cartilage degradation but also the sub-
chondral bone remodeling process. Our in vivo study sug-
gests that PAR-2 could act on these 2 different articular tis-
sues. Hence, treatment with factors capable of neutralizing
the membranous PAR-2 receptor could be of interest in lim-
iting the production of cytokines and proteases involved in
the catabolic process of the OA joint. Thus, it is noteworthy
that some molecules that have demonstrated beneficial
effects on responses in an inflammatory cell model3>=° as
well as in the prevention of development of OA lesions in
dogs produced by instability by improving gait>*, also
reduce PAR-2 levels. Therefore, treatment targeting PAR-2
should contribute to an overall reduction in joint catabolism.
Another potential therapeutic approach would be to target
the factors responsible for PAR-2 activation. Among these
factors, the serine proteases could be an interesting target.
Indeed, according to the literature, this enzyme family is
responsible for PAR-2 activation’”’. In OA cartilage, an
important serine protease system is the plasminogen activa-
tor (PA) plasmin, of which the urokinase PA (uPA) plays a
major role>8-?. Interestingly, the uPA/PA system, in addition
to acting directly on cartilage macromolecules, has been
shown to be responsible for increased levels of other pro-
teases, including collagenase>3%0. The specific PAR-2 acti-
vation eliciting increased levels of MMP-1, MMP-13, and
COX-2 in human OA cartilage'? strongly suggests the like-
ly involvement of this serine protease system in in vivo
PAR-2 activation. Interaction between uPA and COX-2 was
also shown in some cancer cells®'-9% as well as in corneal
injury and inflammation®3. HtrA1 could be another protease
implicated in PAR-2 activation. This enzyme is known to be
increased in OA tissues and to play a role in cartilage degra-
dation®*93:66_ Moreover, this protease cleaves its substrates
at a specific site between arginine and serine, as trypsine
does for the PAR-2 receptor’~’. Finally, a new protease
involved in articular tissues, matriptase, could be a potential
activator of PAR-2, since its importance has been shown in
tissue matrix degradation in arthritic diseases®”-98 _as well as

its participation in PAR-2 activation in human cells®®-70.

Thus, identification of proteases that activate PAR-2 is of
importance as their inhibition could be a useful therapeutic
option.

Our study evaluated the in vivo histologic and morpho-
logical aspects of the effect of PAR-2 on OA cartilage and
subchondral bone; our data confirm this factor’s involve-
ment in OA joint structural changes and reinforce the thera-
peutic potential of blocking PAR-2 for the treatment of this
disease.

ACKNOWLEDGMENT

The authors thank Frédéric Paré and Stéphane Tremblay for exceptional
technical support and Virginia Wallis for assistance with manuscript prepa-
ration. The authors also thank the animal care technicians at CRCHUM.

REFERENCES

1. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an
inflammatory disease: potential implication for the selection of new
therapeutic targets. Arthritis Rheum 2001;44:1237-47.

2. Martel-Pelletier J, Lajeunesse D, Reboul P, Pelletier JP. The role of
subchondral bone in osteoarthritis. In: Sharma L, Berenbaum F,
editors. Osteoarthritis: A companion to rheumatology. Philadelphia:
Mosby-Elsevier; 2007:15-32.

3. Macfarlane SR, Seatter MJ, Kanke T, Hunter GD, Plevin R.
Proteinase-activated receptors. Pharmacol Rev 2001;53:245-82.

4. Trejo J. Protease-activated receptors: new concepts in regulation of
G protein-coupled receptor signaling and trafficking. J Pharmacol
Exp Ther 2003;307:437-42.

5. Ossovskaya VS, Bunnett NW. Protease-activated receptors:
contribution to physiology and disease. Physiol Rev 2004;
84:579-621.

6. Marty I, Peclat V, Kirdaite G, Salvi R, So A, Busso N. Amelioration
of collagen-induced arthritis by thrombin inhibition. J Clin Invest
2001;107:631-40.

7. Yang YH, Hall P, Little CB, Fosang AJ, Milenkovski G, Santos L,
et al. Reduction of arthritis severity in protease-activated
receptor-deficient mice. Arthritis Rheum 2005;52:1325-32.

8. Ferrell WR, Lockhart JC, Kelso EB, Dunning L, Plevin R, Meek
SE, et al. Essential role for proteinase-activated receptor-2 in
arthritis. J Clin Invest 2003;111:35-41.

9. Kelso EB, Lockhart JC, Hembrough T, Dunning L, Plevin R,
Hollenberg MD, et al. Therapeutic promise of proteinase-activated
receptor-2 antagonism in joint inflammation. J Pharmacol Exp Ther
2006;316:1017-24.

10. Kelso EB, Ferrell WR, Lockhart JC, Elias-Jones I, Hembrough T,
Dunning L, et al. Expression and proinflammatory role of
proteinase-activated receptor 2 in rheumatoid synovium: ex vivo
studies using a novel proteinase-activated receptor 2 antagonist.
Arthritis Rheum 2007;56:765-71.

11. Palmer HS, Kelso EB, Lockhart JC, Sommerhoff CP, Plevin R, Goh
FG, et al. Protease-activated receptor 2 mediates the
proinflammatory effects of synovial mast cells. Arthritis Rheum
2007;56:3532-40.

12. Xiang Y, Masuko-Hongo K, Sekine T, Nakamura H, Yudoh K,
Nishioka K, et al. Expression of proteinase-activated receptors
(PAR)-2 in articular chondrocytes is modulated by IL-1-beta,
TNF-alpha and TGF-beta. Osteoarthritis Cartilage 2006;14:1163-73.

13. Boileau C, Amiable N, Martel-Pelletier J, Fahmi H, Duval N,
Pelletier JP. Activation of proteinase-activated receptor 2 in human
osteoarthritic cartilage upregulates catabolic and proinflammatory
pathways capable of inducing cartilage degradation: a basic science

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2011. All rights reserved. |—

8

The Journal of Rheumatology 2011; 38:5; doi:10.3899/jrheum.100710

Downloaded on April 24, 2024 from www.jrheum.org


http://www.jrheum.org/

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

study. Arthritis Res Ther 2007;9:R121.

Pelletier J-P, Boileau C, Mineau F, Geng C, Boily M,
Martel-Pelletier J. Upregulation of proteinase-activated receptor
(PAR)-2 in human osteoarthritic tissues: a new pathway for the
mediation of joint destruction. Clin Exp Rheumatol 2005;23:755.
Abe K, Aslam A, Walls AF, Sato T, Inoue H. Up-regulation of
protease-activated receptor-2 by bFGF in cultured human synovial
fibroblasts. Life Sci 2006;79:898-904.

Amiable N, Tat SK, Lajeunesse D, Duval N, Pelletier JP,
Martel-Pelletier J, et al. Proteinase-activated receptor (PAR)-2
activation impacts bone resorptive properties of human
osteoarthritic subchondral bone osteoblasts. Bone 2009;44:1143-50.
Kamekura S, Hoshi K, Shimoaka T, Chung U, Chikuda H, Yamada
T, et al. Osteoarthritis development in novel experimental mouse
models induced by knee joint instability. Osteoarthritis Cartilage
2005;13:632-41.

Glasson SS, Blanchet TJ, Morris EA. The surgical destabilization of
the medial meniscus (DMM) model of osteoarthritis in the
129/SvEv mouse. Osteoarthritis Cartilage 2007;15:1061-9.
Williams AS, Mizuno M, Richards PJ, Holt DS, Morgan BP.
Deletion of the gene encoding CD59a in mice increases disease
severity in a murine model of rheumatoid arthritis. Arthritis Rheum
2004;50:3035-44.

Boileau C, Poirier F, Pelletier JP, Guevremont M, Duval N,
Martel-Pelletier J, et al. Intracellular localisation of galectin-3 has a
protective role in chondrocyte survival. Ann Rheum Dis
2008;67:175-81.

Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and
metabolic abnormalities in articular cartilage from osteo-arthritic
human hips. II. Correlation of morphology with biochemical and
metabolic data. J Bone Joint Surg Am 1971;53:523-37.
Janelle-Montcalm A, Boileau C, Poirier F, Pelletier JP, Guevremont
M, Duval N, et al. Extracellular localization of galectin-3 has a
deleterious role in joint tissues. Arthritis Res Ther 2007;9:R20.
Pelletier JP, Boileau C, Brunet J, Boily M, Lajeunesse D, Reboul P,
et al. The inhibition of subchondral bone resorption in the early
phase of experimental dog osteoarthritis by licofelone is associated
with a reduction in the synthesis of MMP-13 and cathepsin K.
Bone 2004;34:527-38.

Boileau C, Martel-Pelletier J, Caron J, Msika P, Guillou GB,
Baudouin C, et al. Protective effects of total fraction of
avocado/soybean unsaponifiables on the structural changes in
experimental dog osteoarthritis: inhibition of nitric oxide synthase
and matrix metalloproteinase-13. Arthritis Res Ther 2009;11:R41.
Kawabata A, Kuroda R, Minami T, Kataoka K, Taneda M.
Increased vascular permeability by a specific agonist of
protease-activated receptor-2 in rat hindpaw. Br J Pharmacol
1998;125:419-22.

Noguchi M, Kimoto A, Kobayashi S, Yoshino T, Miyata K,
Sasamata M. Effect of celecoxib, a cyclooxygenase-2 inhibitor, on
the pathophysiology of adjuvant arthritis in rat. Eur J Pharmacol
2005;513:229-35.

Chillingworth NL, Morham SG, Donaldson LF. Sex differences in
inflammation and inflammatory pain in cyclooxygenase-deficient
mice. Am J Physiol Regul Integr Comp Physiol 2006;291:R327-34.
Houliston RA, Keogh RJ, Sugden D, Dudhia J, Carter TD,
Wheeler-Jones CP. Protease-activated receptors upregulate
cyclooxygenase-2 expression in human endothelial cells. Thromb
Haemost 2002;88:321-8.

Seymour ML, Binion DG, Compton SJ, Hollenberg MD,
MacNaughton WK. Expression of proteinase-activated receptor 2
on human primary gastrointestinal myofibroblasts and stimulation
of prostaglandin synthesis. Can J Physiol Pharmacol 2005;
83:605-16.

Wang ZY, Wang P, Bjorling DE. Role of mast cells and

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

protease-activated receptor-2 in cyclooxygenase-2 expression in
urothelial cells. Am J Physiol Regul Integr Comp Physiol
2009;297:R1127-35.

Glasson SS, Chambers MG, Van Den Berg WB, Little CB. The
OARSTI histopathology initiative — recommendations for
histological assessments of osteoarthritis in the mouse.
Osteoarthritis Cartilage 2010;18 Suppl 3:S17-23.

Ferrell WR, Kelso EB, Lockhart JC, Plevin R, McInnes IB.
Protease-activated receptor 2: a novel pathogenic pathway in a
murine model of osteoarthritis. Ann Rheum Dis 2010;69:2051-4.
Martel-Pelletier J, McCollum R, Fujimoto N, Obata K, Cloutier JM,
Pelletier JP. Excess of metalloproteases over tissue inhibitor of
metalloprotease may contribute to cartilage degradation in
osteoarthritis and rheumatoid arthritis. Lab Invest 1994;70:807-15.
Reboul P, Pelletier JP, Tardif G, Cloutier JM, Martel-Pelletier J. The
new collagenase, collagenase-3, is expressed and synthesized by
human chondrocytes but not by synoviocytes. A role in
osteoarthritis. J Clin Invest 1996;97:2011-9.

Shlopov BV, Lie WR, Mainardi CL, Cole AA, Chubinskaya S,
Hasty KA. Osteoarthritic lesions: involvement of three different
collagenases. Arthritis Rheum 1997;40:2065-74.

Moldovan F, Pelletier JP, Hambor J, Cloutier JM, Martel-Pelletier J.
Collagenase-3 (matrix metalloprotease 13) is preferentially
localized in the deep layer of human arthritic cartilage in situ: in
vitro mimicking effect by transforming growth factor beta. Arthritis
Rheum 1997;40:1653-61.

O’Dell JR, Blakely KW, Mallek JA, Eckhoff PJ, Leff RD, Wees SJ,
et al. Treatment of early seropositive rheumatoid arthritis: a
two-year, double-blind comparison of minocycline and
hydroxychloroquine. Arthritis Rheum 2001;44:2235-41.

Huebner JL, Otterness IG, Freund EM, Caterson B, Kraus VB.
Collagenase 1 and collagenase 3 expression in a guinea pig model
of osteoarthritis. Arthritis Rheum 1998:;41:877-90.

Sand E, Themner-Persson A, Ekblad E. Mast cells reduce survival
of myenteric neurons in culture. Neuropharmacology 2009;
56:522-30.

Park GH, Jeon SJ, Ko HM, Ryu JR, Lee JM, Kim HY, et al.
Activation of microglial cells via protease activated receptor 2
mediates neuronal cell death in cultured rat primary neuron. Nitric
Oxide 2010;22:18-29.

Afonso V, Champy R, Mitrovic D, Collin P, Lomri A. Reactive
oxygen species and superoxide dismutases: role in joint diseases.
Joint Bone Spine 2007;74:324-9.

Bettica P, Cline G, Hart DJ, Meyer J, Spector TD. Evidence for
increased bone resorption in patients with progressive knee
osteoarthritis: longitudinal results from the Chingford study.
Arthritis Rheum 2002;46:3178-84.

Kwan Tat S, Pelletier JP, Lajeunesse D, Fahmi H, Lavigne M,
Martel-Pelletier J. The differential expression of osteoprotegerin
(OPG) and receptor activator of nuclear factor kappa B ligand
(RANKL) in human osteoarthritic subchondral bone osteoblasts is
an indicator of the metabolic state of these disease cells. Clin Exp
Rheumatol 2008;26:295-304.

Hulejova H, Baresova V, Klezl Z, Polanska M, Adam M, Senolt L.
Increased level of cytokines and matrix metalloproteinases in
osteoarthritic subchondral bone. Cytokine 2007;38:151-6.

Watson PJ, Hall LD, Malcolm A, Tyler JA. Degenerative joint
disease in the guinea pig. Use of magnetic resonance imaging to
monitor progression of bone pathology. Arthritis Rheum
1996;39:1327-37.

Dedrick DK, Goldstein SA, Brandt KD, O’Connor BL, Goulet RW,
Albrecht M. A longitudinal study of subchondral plate and
trabecular bone in cruciate-deficient dogs with osteoarthritis
followed up for 54 months. Arthritis Rheum 1993;36:1460-7.
Botter SM, Glasson SS, Hopkins B, Clockaerts S, Weinans H, van

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2011. All rights reserved. |—

Amiable, et al: PAR-2 effects in OA

9

Downloaded on April 24, 2024 from www.jrheum.org


http://www.jrheum.org/

Leeuwen JP, et al. ADAMTSS5-/- mice have less subchondral bone

changes after induction of osteoarthritis through surgical instability:

implications for a link between cartilage and subchondral bone

plasminogen activator protein in resection specimens and biopsies
at different stages of osteoarthritis of the knee. Pathol Res Pract
2000;196:219-26.

changes. Osteoarthritis Cartilage 2009;17:636-45. 60. Schwab W, Schulze-Tanzil G, Mobasheri A, Dressler J, Kotzsch M,

48. Logar DB, Komadina R, Prezelj J, Ostanek B, Trost Z, Marc J. Shakibaei M. Interleukin-1beta-induced expression of the
Expression of bone resorption genes in osteoarthritis and in urokinase-type plasminogen activator receptor and its
osteoporosis. ] Bone Miner Metab 2007;25:219-25. co-localization with MMPs in human articular chondrocytes. Histol

49. Shibakawa A, Yudoh K, Masuko-Hongo K, Kato T, Nishioka K, Histopathol 2004;19:105-12.

Nakamura H. The role of subchondral bone resorption pits in 61. Minisini AM, Fabbro D, Di Loreto C, Pestrin M, Russo S,
osteoarthritis: MMP production by cells derived from bone marrow. Cardellino GG, et al. Markers of the uPA system and common
Osteoarthritis Cartilage 2005;13:679-87. prognostic factors in breast cancer. Am J Clin Pathol 2007;

50. Song SJ, Pagel CN, Campbell TM, Pike RN, Mackie EJ. The role 128:112-7.
of protease-activated receptor-1 in bone healing. Am J Pathol 62. Simeone AM, Nieves-Alicea R, McMurtry VC, Colella S, Krahe R,
2005;166:857-68. Tari AM. Cyclooxygenase-2 uses the protein kinase C/

51. Georgy SR, Pagel CN, Wong DM, Sivagurunathan S, Loh LH, interleukin-8/urokinase-type plasminogen activator pathway to
Myers DE, et al. Proteinase-activated receptor-2 and mouse increase the invasiveness of breast cancer cells. Int J Oncol
osteoblasts: regulation of cell function and lack of specificity of 2007;30:785-92.

PAR-activating peptides. Clin Exp Pharmacol Physiol 2010; 63. Ottino P, Bazan HE. Corneal stimulation of MMP-1, -9 and uPA by
37:328-36. platelet-activating factor is mediated by cyclooxygenase-2

52. Guingamp C, Gegout-Pottie P, Philippe L, Terlain B, Netter P, metabolites. Curr Eye Res 2001;23:77-85.

Gillet P. Mono-iodoacetate-induced experimental osteoarthritis: a 64. Grau S, Richards PJ, Kerr B, Hughes C, Caterson B, Williams AS,
dose-response study of loss of mobility, morphology, and et al. The role of human HtrAl in arthritic disease. J Biol Chem
biochemistry. Arthritis Rheum 1997;40:1670-9. 2006;281:6124-9.

53. Malfait AM, Ritchie J, Gil AS, Austin JS, Hartke J, Qin W, et al. 65. WuJ, Liu W, Bemis A, Wang E, Qiu Y, Morris EA, et al.
ADAMTS-5 deficient mice do not develop mechanical allodynia Comparative proteomic characterization of articular cartilage tissue
associated with osteoarthritis following medial meniscal from normal donors and patients with osteoarthritis. Arthritis
destabilization. Osteoarthritis Cartilage 2010;18:572-80. Rheum 2007;56:3675-84.

54. Ma HL, Blanchet TJ, Peluso D, Hopkins B, Morris EA, Glasson 66. Chamberland A, Wang E, Jones AR, Collins-Racie LA, LaVallie
SS. Osteoarthritis severity is sex dependent in a surgical mouse ER, Huang Y, et al. Identification of a novel HtrA1-susceptible
model. Osteoarthritis Cartilage 2007;15:695-700. cleavage site in human aggrecan: evidence for the involvement of

55. Hidaka S, Iwasaka H, Hagiwara S, Noguchi T. Gabexate mesilate HtrAl in aggrecan proteolysis in vivo. J Biol Chem
inhibits the expression of HMGB1 in lipopolysaccharide-induced 2009;284:27352-9.
acute lung injury. J Surg Res 2011;165:142-50. 67. Roycik MD, Fang X, Sang QX. A fresh prospect of extracellular

56. Boileau C, Martel-Pelletier J, Caron J, Pare F, Troncy E, Moreau matrix hydrolytic enzymes and their substrates. Curr Pharm Des
M, et al. Oral treatment with a Brachystemma calycinum D. don 2009;15:1295-308.
plant extract reduces disease symptoms and the development of 68. Milner JM, Patel A, Davidson RK, Swingler TE, Desilets A, Young
cartilage lesions in experimental dog osteoarthritis: inhibition of DA, et al. Matriptase is a novel initiator of cartilage matrix
protease activated receptor-2 (PAR-2). Ann Rheum Dis degradation in osteoarthritis. Arthritis Rheum 2010;62:1955-66.
2010;69:1179-84. 69. Seitz I, Hess S, Schulz H, Eckl R, Busch G, Montens HP, et al.

57. Hollenberg MD, Compton SJ. International Union of Membrane-type serine protease-1/matriptase induces interleukin-6
Pharmacology. XXVIII. Proteinase-activated receptors. Pharmacol and -8 in endothelial cells by activation of protease-activated
Rev 2002;54:203-17. receptor-2: potential implications in atherosclerosis. Arterioscler

58. Martel-Pelletier J, Faure MP, McCollum R, Mineau F, Cloutier JM, Thromb Vasc Biol 2007;27:769-75.

Pelletier JP. Plasmin, plasminogen activators and inhibitor in 70. Bocheva G, Rattenholl A, Kempkes C, Goerge T, Lin CY,
human osteoarthritic cartilage. J Rheumatol 1991;18:1863-71. D’Andrea MR, et al. Role of matriptase and proteinase-activated

59. Pap G, Eberhardt R, Rocken C, Nebelung W, Neumann HW, receptor-2 in nonmelanoma skin cancer. J Invest Dermatol

Roessner A. Expression of stromelysin and urokinase type

2009;129:1816-23.

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2011. All rights reserved. |—

10 The Journal of Rheumatology 2011; 38:5; doi:10.3899/jrheum.100710

Downloaded on April 24, 2024 from www.jrheum.org


http://www.jrheum.org/

