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Abstract 28 

Objectives: To determine the presence of protease activated receptor-2 (PAR2) and 29 

matriptase proteins and quantify the PAR2 and matriptase mRNA expression in the 30 

articular cartilage and synovial membrane of cats with and without osteoarthritis (OA).  31 

Methods: A total of 28 articular cartilage samples from adult cats (14 OA and 14 normal), 32 

10 synovial membranes from adult cats (5 OA and 5 normal) and three cartilage samples 33 

from 9 week old foetal cats were used. The presence of PAR2 and matriptase in the 34 

cartilage and synovial membrane of the adult samples was detected by 35 

immunohistochemical (IHC) staining while real-time PCR was used for mRNA 36 

expression analyses in all samples. 37 

Results: PAR2 was detected (IHC) in all OA and normal articular cartilage and synovial 38 

membrane samples but confined to only a few superficial chondrocytes in the normal 39 

samples. Matriptase (IHC) was only detected in OA articular cartilage and synovial 40 

membrane samples. PAR2 and matriptase mRNA expression were however detected in 41 

all cartilage and synovial membrane samples. PAR2 and matriptase mRNA expression 42 

levels in OA articular cartilage were 5 (P<0.001) and 3.3 (P<0.001) times higher 43 

compared to that of the healthy group respectively. There was no significant difference 44 

(P=0.07) in the OA synovial membrane PAR2 and matriptase mRNA expression 45 

compared to the normal samples. 46 
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Conclusions and relevance: Detection of PAR2 and matriptase proteins and gene 47 

expression in feline articular tissues is a novel and important finding and supports the 48 

hypothesis that serine proteases are involved in the pathogenesis of feline OA. The 49 

consistent presence of PAR2 and matriptase protein in the cytoplasm of OA chondrocytes 50 

suggests a possible involvement of proteases in cartilage degradation. Further 51 

investigations into the PAR2 and matriptase pathobiology could enhance our 52 

understanding of the proteolytic cascades in feline OA which might lead to the 53 

development of novel therapeutic strategies. 54 

Keywords: PAR2; matriptase; osteoarthritis; cartilage; synovium55 
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Introduction 56 

Feline osteoarthritis (OA) is a common and complex progressive disease of feline 57 

appendicular joints. Clinically, it is defined as a slowly evolving articular disease 58 

characterised by the gradual development of joint pain, stiffness and the limitation of 59 

movement with obvious negative effects on the cats’ quality of life. Pathologically it is 60 

defined as a degenerative disorder of synovial joints characterised by deterioration and 61 

loss of articular cartilage and by the formation of new bone at the joint surfaces and 62 

margins. It is somewhat confusing and certainly misleading to regard OA purely as a 63 

degenerative disorder since inflammatory changes do occur to some extent, particularly 64 

within the synovium.  Most cases of feline OA appear to be primary (or idiopathic) i.e. 65 

there is no obvious underlying cause leading to the development of the disease although 66 

secondary OA where the disease is associated with some other existing joint pathology is 67 

well documented.1,2,3,4,5,6 Examples of underlying causes of secondary OA include 68 

trauma, hip dysplasia, patellar luxation, cranial cruciate ligament failure, acromegaly, 69 

osteochondrodysplasia and mucopolysaccharidosis.6 Using the term primary (or 70 

idiopathic) OA almost definitely hides an ignorance of our understanding of the exact 71 

aetiology. Increasing age is the only significant risk factor for primary OA.6 It often affects 72 

multiple joints in a bilaterally symmetrical fashion.  73 

Overt lameness in cats with primary OA is often absent; it is alterations in their 74 

behaviour and lifestyle which are more relevant and the use of owner questionnaires is 75 



5 
 

very helpful in identifying these. The most common alterations  are reduced activity levels 76 

(e.g. reduced interaction with owners, sleeping more), reduced mobility (e.g. reduced 77 

jumping behaviour, reduced height of jumping, unwillingness to jump, stiff gait), reduced 78 

grooming, inappropriate toileting behaviour and changes in demeanour (e.g. spending 79 

more time alone, aggressive behaviour towards other animals or owner).6,7.8.9,10 A 80 

physical orthopaedic examination can be challenging in cats but all the major limb joints 81 

should be carefully and gently palpated and manipulated.6 Joint thickening, synovial 82 

effusion, reduced range of motion and crepitus may be detected but are less obvious than 83 

in other species and the common presence of bilateral disease means there is no 84 

contralateral normal joint for comparison making their detection even more difficult.  85 

Protease activated receptor-2 (PAR2) is the second member of the G protein-86 

coupled group of receptors. Both are activated through proteolytic cleavage by serine 87 

proteases. Proteases cleave PAR2 at the extracellular N-terminal domain to expose the 88 

tethered peptide which binds to the receptor’s second extracellular loop activating PAR2, 89 

thereby initiating an intracellular signal.11 This activation is irreversible.12,13 90 

Studies in human OA and murine models of OA have demonstrated a key role of 91 

PAR2 in mediating arthritic inflammation.14,15,16,17,18,19,20 PAR2 has been found in OA 92 

chondrocytes, fibroblasts, and macrophages and reported to play a role in osteophyte 93 

formation, cartilage degradation and inflammation.21 Increased expression of PAR2 94 

mRNA and increased PAR2 protein levels have been observed in chondrocytes and 95 
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synovial fibroblasts from OA compared to normal joints.16,17,22,23 It is known that PAR2 96 

activation can promote the release of pro-inflammatory cytokines such as interleukin 97 

(IL)-1, tumour necrosis factor (TNF)-ɑ and IL-6.24,25,26 The secreted pro-inflammatory 98 

cytokines up-regulate the expression of PAR2, stimulating more secretion of pro-99 

inflammatory cytokines and metalloproteinases to enhance inflammatory responses and 100 

promote cartilage degradation.  101 

Matriptase is a type II transmembrane serine protease and has been recognised as 102 

an activator of PAR2. In an OA model study, Milner et al27 confirmed PAR2 as a substrate 103 

for matriptase. In a laser Doppler perfusion study in wild type (WT) and PAR2 deficient 104 

mice (PAR2-/-) matriptase administered into the WT stifle joint resulted in a synovial 105 

vasodilator response which was significantly reduced in PAR2-/- mice.27 106 

Immunohistochemical analysis of the articular cartilage also confirmed the presence of 107 

PAR2 and matriptase expression in chondrocytes from the OA model but not in sham-108 

operated mice. 109 

With the demonstration that PAR2 and matriptase have a pro-inflammatory effect 110 

in human OA and murine arthritis it is hypothesised that PAR2 could play an important 111 

role in the pathogenesis of feline OA, particularly in the initiation and progression of 112 

cartilage degeneration and loss. The purpose of this study was to determine the presence 113 

of PAR2 and matriptase protein and to quantify PAR2 and matriptase mRNA expression 114 

in the articular cartilage and synovial membrane of cats with and without OA.  115 
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Materials and Methods 116 

Sample collection 117 

Ten adult (5 OA and 5 normal) and three foetal cats submitted for post-mortem 118 

examination at the School of Veterinary Medicine, University of Glasgow were used in 119 

this study. The cats were euthanatised for reasons unrelated to the present study. The 120 

articular cartilage and synovium of the elbow joints were identified, based on gross 121 

assessment, as osteoarthritic or normal according to Bennett et al.6 In all cases the 122 

appearance of the diseased joints was consistent with a primary OA. Articular cartilage 123 

and bone samples collected from osteoarthritic (N=5) and normal (N=5) elbow joints 124 

were placed into 10% formalin. Additionally, articular cartilage and synovium were 125 

harvested and placed into RNAlater (Ambion) and stored at 4ºC until further analysis. 126 

Eighteen RNA samples (9 OA and 9 normal) from the articular cartilage of feline elbow 127 

joints received from the Royal (Dick) School of Veterinary Studies, University of 128 

Edinburgh were also included in the study. These samples were also obtained from the 129 

elbow joints of adult cats, euthanatized for reasons unrelated to the study. The elbow 130 

joints were identified as normal or osteoarthritic in the same way as the Glasgow 131 

specimens. The RNA had been extracted from slices of articular cartilage in a similar way 132 

to that described below.  133 

Tissue processing for immunohistochemistry 134 
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The calcified tissues were decalcified in 14% ethylenediaminetetracetic acid 135 

(EDTA) solution, pH 8 at room temperature until the tissues were adequately soft to 136 

enable sectioning with the microtome knife. The decalcified and soft tissues were 137 

processed using the Shandon Excelsior (Thermo Scientific) tissue processor for 17 h. The 138 

processed tissues were embedded in paraffin wax, sectioned at 3.0 µm using the 139 

microtome (Shandon Finesse, Thermo Scientific) and mounted onto glass slides. The 140 

slides were dried at 60°C in an oven for 1 h and warmed at 37°C overnight.  141 

Immunohistochemistry (IHC) 142 

IHC was performed according to the protocol of Tindell et al.8 One section each 143 

of cartilage and synovium from the elbow joint of each cat was stained. The optimal 144 

PAR2 (Santa Cruz Biotechnology) and matriptase (Sigma-Aldrich) antibody 145 

concentration was 2 µg/ml (1:100) and 4 µg/ml (1:50) respectively. Sections of the 146 

articular cartilage and synovium were deparaffinised, rehydrated and washed in 147 

phosphate buffered saline (PBS) for 5 mins. Antigen retrieval was done in citrate buffer 148 

(pH 6.0) for 5 mins. Endogenous peroxidase was blocked by immersing the sections in 149 

1% hydrogen peroxide in methanol for 30 mins. Sections were washed twice with PBS 150 

for 5 mins and blocked with supplemented blocking serum for 30 mins. Sections were 151 

incubated with primary antibody for 2 h, then secondary antibody for 30 mins, and 152 

peroxidase-conjugated avidin for 30 mins. The sections were washed twice with PBS 153 

before each step. The antigen-antibody complex was visualized using 3,3-154 
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diaminobenzidine (DAB) substrate. Sections were counterstained with haematoxylin, 155 

dehydrated, cleared in xylene and mounted with DPX. To determine non-specific 156 

staining, replicate sections were incubated with non-specific antibody as isotype control.  157 

One cartilage section per joint was evaluated. Six randomly selected 158 

photomicrographs of each section stained for PAR2 and matriptase were taken at 400x 159 

magnification. Included in the photomicrographs were the superficial, middle and deep 160 

layers of the articular cartilage and it was confirmed before evaluation that an intact 161 

cartilage surface was present. The total number of chondrocytes and the number of 162 

positively stained chondrocytes within the photomicrograph were recorded. Results were 163 

expressed as the percentage of the number of immunopositive chondrocytes per total 164 

number of chondrocytes present. 165 

All synovial membrane sections with the lining and interstitial areas intact were 166 

evaluated. Only nucleated cells with a distinct cytoplasmic and interstitial area staining 167 

were considered as positive. PAR2 and matriptase synovial membrane immunostaining 168 

were scored as 0, 1, 2, 4, according to Tindell et al.28 Non-staining was considered as 169 

score 0; 1-25% staining as score 1; 26-50% staining as score 2; 51-75% staining as score 170 

3 and 76-100% staining as score 4. The percentage was determined by the number of 171 

positively stained cells/nucleus per high power field. 172 

RNA isolation and cDNA synthesis 173 
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Total RNA was isolated using the RNeasy mini column (Qiagen) including an on-column 174 

DNase I (Qiagen) digest. Complementary DNA (cDNA) was synthesised from total RNA 175 

by using the Precision Reverse Transcription Premix (PrimerDesign Ltd.) according to 176 

the manufacturer’s recommendations. cDNA synthesis was carried out on 1 ng RNA, at 177 

55°C for 20 mins. Absence of contamination of RNA with genomic DNA was verified 178 

with minus-reverse transcriptase (minus-RT) controls.  179 

Real-time PCR 180 

Real-time PCR was performed using Precision MasterMix with SYBR green 181 

(PrimerDesign Ltd.) following the manufacturer’s instructions. Each reaction was done 182 

in a total volume of 20 μl consisting of 5 µl sample cDNA, 10 µl 2X Precision MasterMix 183 

with SYBR green (PrimerDesign Ltd.), 1 µl forward and reverse primers and 4 µl RNase 184 

free water. Each sample was measured in duplicate. The primer sequences for feline 185 

PAR2 were 5′-CTC TTT TCT CCC CAG ACC GC-3′ (forward) and 5′-GGG TAG CAA 186 

AGG GGT GTA TGT C-3′ (reverse) and for matriptase 5′-AGG ATT GTG ACT GTG 187 

GGC TG-3′ (forward) and 5′-GAG AGA TGA TCG AAG CCC CG-3′ (reverse). The 188 

reaction was conducted as follows: initial denaturation at 95˚C for 10 mins followed by 189 

40 cycles of denaturation at 95°C for 15 s and data collection at 60°C for 1 min. A 190 

negative control without a DNA sample was included for every assay. The melting curve 191 

was analysed and relative expression of each gene was normalized with the pre-192 

determined reference genes, ribosomal protein L18 (RPL18), beta-actin (ACTB) and 193 
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hypoxanthine-guanine phosphoribosyltransferase (HPRT) and estimated as values of 2-194 

∆∆Ct. 195 

Statistical analysis 196 

The normalised values which reflect the PAR2 and matriptase mRNA levels were 197 

analysed using 2 ̶ sample t ̶ test to determine whether there was any difference in PAR2 198 

and matriptase mRNA expression levels between the OA and healthy groups. P< 0.05 199 

was considered statistically significant. All analyses were performed using GraphPad 200 

Prism for Windows, version 8 (GraphPad Software Incorporation). 201 

Results 202 

PAR2 and matriptase immunoreactivity 203 

PAR2 was detected in all OA (N=5) and normal (N=5) articular cartilage samples 204 

with a mean value of 33% (range from 21% to 47%) in the OA group and 3.8% (range 205 

from 5% to 14%) in the normal group. In normal articular cartilage, a positive cytoplasmic 206 

immunoreactivity of the chondrocytes was observed only in the superficial layer of the 207 

cartilage (Figure 1a). In OA articular cartilage positive PAR2 staining occurred in the 208 

superficial, middle and deep layers (Figure 1c). PAR2 immunoreactivity was also 209 

observed to be variable in different areas of the OA cartilage. In areas where PAR2 was 210 

present, extracellular matrix was only faintly stained with haematoxylin (Figure 1c). Non-211 

specific stained sections showed only background staining (Figure 1e).  212 



12 
 

Positive immunostaining for PAR2 was observed in the synovial lining layer and 213 

interstitial area in all OA (N=5) and normal (N=5) synovial membrane samples (Figures 214 

2a and 2c). Immunoreactivity was present in the cytoplasm of the synovial cells in three 215 

OA synovial membrane samples displaying score 3 staining and two displaying score 4 216 

staining. All the normal synovial membrane samples showed score 2 staining.  217 

Matriptase immunoreactivity was not detected in any of the normal cartilage 218 

(N=5) and synovial membrane (N=5) samples (Figures 1b and 2b). Matriptase staining 219 

was detected in all OA (N=5) articular cartilage samples (Figure 1d). The mean 220 

percentage of matriptase positive chondrocytes was 27% (range from 12% to 42%). 221 

Chondrocyte distribution of matriptase immunoreactivity demonstrated considerable 222 

variation; in three cats the expression was intense particularly at the superficial and 223 

middle layers (Figure 1d) and in the other two cats virtually all the chondrocytes exhibited 224 

faint matriptase immunoreactivity in all layers. Despite the variability in the 225 

immunoreactivity, matriptase was seen only in locations where PAR2 was present. In the 226 

areas where matriptase was present, extracellular matrix was only faintly stained with 227 

haematoxylin (Figure 1d). 228 

Matriptase immunoreactivity was also detected in all OA (N=5) synovial 229 

membrane samples mainly in the cytoplasm of the lining cells (Figures 2e-f). All OA 230 

synovial membranes showed score 2 staining. Immunoreactivity was not detected in any 231 

of the normal synovial membrane samples (Figure 2b). 232 
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Comparative assessment of PAR2 and matriptase mRNA levels in cats with and without 233 

OA 234 

PAR2 mRNA expression was detected in all articular tissues (14 OA, 14 normal and 3 235 

foetuses). The PAR2 mRNA expression levels in OA and foetal articular cartilage were 236 

5 and 3 times higher respectively, compared to the normal adult group (Figure 3a). The 237 

PAR2 mRNA expression level in OA synovium was 1.5 times higher than in normal 238 

synovium (Figure 3b). A significantly higher expression of PAR2 mRNA (P=0.0003) 239 

was seen in the OA articular cartilage group (Figure 3c). Synovial membrane samples did 240 

not show significantly different levels of expression between normal (N=5) and OA 241 

(N=5) samples (P=0.3553) (Figure 3d). In view of the small sample size statistical 242 

analysis for the foetal samples was not performed.  243 

 Matriptase mRNA expression was identified in all articular tissues (14 OA, 14 244 

normal and 3 foetuses). The matriptase mRNA expression levels in OA and foetal 245 

articular cartilage were 3.3 and 1.4 times higher respectively, compared to the normal 246 

group (Figure 4a). Matriptase mRNA expression level in OA synovium was 1.1 times 247 

higher compared to the normal group (Figure 4b). The matriptase mRNA expression of 248 

the OA articular cartilage was significantly higher than the normal group (P=0.0007) 249 

(Figure 4c). There was no significant difference in the OA synovium (N=5) matriptase 250 

mRNA expression compared to the normal samples (N=5) (P=0.3801) (Figure 4d). 251 
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Discussion 252 

The present study demonstrates for the first time that PAR2 is present in feline 253 

articular cartilage and synovial membrane of normal and OA cats. In normal articular 254 

cartilage PAR2 protein was found mainly in the superficial layers while in OA articular 255 

cartilage PAR2 protein was present in the superficial, middle and deep layers of the 256 

cartilage. These results demonstrated that in OA, PAR2 protein is present throughout the 257 

layers of the cartilage matrix and upon activation it is very likely to be involved in 258 

cartilage degradation. The presence of PAR2 protein also varies in different areas of the 259 

OA cartilage which might reflect local differences in severity of cartilage pathology.  260 

Matriptase protein was consistently present in articular cartilage and synovial 261 

membrane of OA cats. Matriptase protein was seen in locations where PAR2 was also 262 

present. None of the normal cat samples showed immunoreactivity for matriptase. 263 

Matriptase was reported as absent in normal human articular cartilage.29 Matriptase was 264 

also not detected in the chondrocytes of normal articular cartilage of laboratory mice but 265 

was consistently seen in OA articular cartilage.27 Similarities in matriptase distribution in 266 

cat, human and mouse chondrocytes may reflect genuine physiological similarities in 267 

rodents, felidae and primates. 268 

PAR2 and matriptase are important mediators of collagenolytic activity in OA 269 

cartilage.17,27 Recently, matriptase was reported to induce the release of matrix 270 
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metalloproteases (MMPs) from OA cartilage.30 Collagenolysis initially occurs in the 271 

pericellular area of chondrocytes suggesting proteases are associated with the 272 

chondrocyte cell surface.31 Collagen breakdown allowing proteoglycans to “escape” from 273 

the matrix is supported by the faint staining with haematoxylin in the areas where PAR2 274 

and matriptase were present. Genetic disruption of PAR2 in murine OA models was 275 

associated with a significantly delayed progression of cartilage damage and inhibition of 276 

subchondral bone thickening, following destabilization of the medial meniscus.19, 32 277 

Quantitative real-time PCR showed that PAR2 and matriptase mRNA were 278 

expressed in feline normal and OA articular tissues. PAR2 and matriptase expression 279 

levels were significantly increased in OA compared with normal feline articular cartilage.  280 

Specific mechanisms that trigger activation of matriptase are not completely 281 

understood.33 However, PAR2 has been identified as one of the natural substrates for 282 

matriptase.34 Matriptase activates PAR2 via the proteolytic release of a tethered ligand.35 283 

Matriptase has several functions as an inducer and activator of procollagenases which 284 

lead to cartilage breakdown.27 PAR2 activation has been associated with increased 285 

production of MMP-1 and MMP-13, as well as cyclooxygenase-2 (COX-2) which are key 286 

factors in OA pathophysiology.17 In addition, proinflammatory cytokines such as IL-1β 287 

and TNFα  upregulate PAR2 expression in OA chondrocytes.16 Thus, in OA cartilage, 288 

gene expression of high levels of matriptase could possibly indicate a role of matriptase 289 

and PAR2 in OA pathogenesis. However, further studies need to be carried out to 290 
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characterise the pathobiological activities of matriptase and PAR2 in feline articular 291 

tissues with and without OA.  292 

It has been reported that PAR2 expression is strongly correlated with synovitis in 293 

human OA and murine OA models.20,28 PAR2 expression has been shown in fibroblast-294 

like synoviocytes and macrophages and lymphocytes derived from OA synovial 295 

membranes.16,28 PAR2 regulates the synovial release of proinflammatory cytokines 296 

including IL-1β which in turn upregulates PAR2 expression in OA chondrocytes.16,17,36 297 

The present study showed that the fold-change expression levels of PAR2 and matriptase 298 

mRNA in OA synovium was higher than that in normal synovium. However, there was 299 

no significant difference between the expression levels of PAR2 and matriptase mRNA 300 

in the synovium samples from the normal and OA cats. This finding could be associated 301 

with the degree of inflammatory cell infiltration in the feline synovium which, even in 302 

advanced OA, is generally mild.37 Another explanation could be the limited sample 303 

quantity, in which case a larger number of synovial membrane samples needs to be 304 

studied.  Although the PAR2 and matriptase gene expression were minimally different 305 

between normal and OA synovium samples, protein expression  was not, which suggests 306 

that gene transcription is initiated/increased in the synovium of OA joints at some stage 307 

of the disease process.   308 

PAR2 expression during embryonic development has been reported in murine 309 

tissues.38 In developing chondrocytes, PAR2 expression was detectable at 17 days of 310 
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gestation but interestingly, was absent in adult cartilage. However, the study did not 311 

specifically state the age of the adult mice. The authors suggested that chondrocytic 312 

expression of PAR2 appears to be associated with metabolically active cartilage. Our 313 

study showed an increase fold-change in PAR2 expression in foetal cartilage (9 weeks of 314 

age) which supports the study by Jenkins et al.38 Our study also showed an increased 315 

expression of matriptase mRNA compared to normal adult tissue. However no statistical 316 

data could be provided to support these observations due to the small foetal sample size. 317 

The rapid growth of cartilage in the foetus with increased “turnover” of cartilage matrix 318 

(degradation followed by replacement) could involve PAR2 and matriptase. Indeed, there 319 

is a continuous “turnover” of normal cartilage throughout life and one might expect PAR2 320 

and matriptase to be present even in normal tissue, albeit at lower levels.  321 

Conclusions 322 

The identification of PAR2 and matriptase proteins and gene expression in feline articular 323 

tissues is a novel and important finding supporting the hypothesis that serine proteases 324 

and protease ‘sensing’ receptors are involved in feline OA. The consistent presence of 325 

PAR2 and matriptase protein in the cytoplasm of OA chondrocytes suggests a possible 326 

involvement of proteases in cartilage degradation in OA. This suggests that cartilage 327 

degradation in feline OA could in all probability be stimulated by the activation of 328 

matriptase and PAR2 at the cellular level which in turn facilitates pericellular 329 

collagenolysis of the matrix. Further investigations into PAR2 and matriptase 330 
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pathobiology could enhance our understanding of the proteolytic cascades in feline OA 331 

as well as the mechanism of cartilage “turnover” in normal tissues, both of which might 332 

help our understanding of the aetiopathogenesis of feline OA and provide a basis for the 333 

future development of novel therapeutic strategies. 334 
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