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Abstract 25 

Background: Preclinical osteoarthritis models where damage occurs spontaneously 26 

may better reflect the initiation and development of human osteoarthritis. The aim 27 

was to assess the commercial pig as a model of spontaneous osteoarthritis 28 

development by examining pain-associated behaviour, joint cartilage integrity, as 29 

well as the use of porcine cartilage explants and isolated chondrocytes and 30 

osteoblasts for ex vivo and in vitro studies.  31 

Methods: Female pigs (Large white x Landrace x Duroc) were examined at different 32 

ages from 6 weeks to 3-4 years old.  Lameness was assessed as a marker of pain-33 

associated behaviour. Femorotibial joint cartilage integrity was determined by 34 

chondropathy scoring and histological staining of proteoglycan. IL-6 production and 35 

proteoglycan degradation was assessed in cartilage explants and primary porcine 36 

chondrocytes by ELISA and DMMB assay. Primary porcine osteoblasts from 37 

damaged and non-damaged joints, as determined by chondropathy scoring, were 38 

assessed for mineralisation, proliferative and mitochondrial function as a marker of 39 

metabolic capacity.   40 

Results: Pigs aged 80 weeks and older exhibited lameness.  Osteoarthritic lesions 41 

in femoral condyle and tibial plateau cartilage were apparent from 40 weeks and 42 

increased in severity with age up to 3-4 years old. Cartilage from damaged joints 43 

exhibited proteoglycan loss, which positively correlated with chondropathy score. 44 

Stimulation of porcine cartilage explants and primary chondrocytes with either IL-1β 45 

or visfatin induced IL-6 production and proteoglycan degradation. Primary porcine 46 

osteoblasts from damaged joints exhibited reduced proliferative, mineralisation, and 47 

metabolic capacity.  48 
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Conclusion: In conclusion, the commercial pig represents an alternative model of 49 

spontaneous osteoarthritis and an excellent source of tissue for in vitro and ex vivo 50 

studies. 51 

Keywords: osteoarthritis, osteoblast, chondropathy, pig, chondrocyte 52 

 53 

Background 54 

Osteoarthritis (OA) is an age-related joint disorder and the most common 55 

degenerative joint disorder in the World [1].  Characterised by degenerative loss of 56 

the articular cartilage, joint space narrowing, synovial inflammation and bone 57 

remodelling [2], it is a leading cause of disability and pain.  Unfortunately, at present 58 

there are no available disease modifying OA drugs (DMOADs) [2, 3]. As an ageing 59 

population OA is a major health concern since it limits independence, reduces an 60 

individual’s quality of life and puts additional pressure on healthcare systems and 61 

elderly support services [4, 5] . 62 

Critically, the development of DMOADs has been hampered by a lack of 63 

understanding of the joint pathology in early OA.  Unfortunately, investigating early 64 

OA joint pathology in humans is inherently difficult.  Synovial tissue and synovial joint 65 

fluid can be collected from early OA patients by arthroscopy procedures.  However, 66 

OA diseased cartilage and bone tissue of sufficient quantity can generally only be 67 

obtained from end-stage diseased patients who are undergoing elective joint 68 

replacement surgery.  Cartilage tissue from end-stage OA patients is often highly 69 

degraded and is therefore of questionable relevance to our understanding of the 70 

central pathways that underpin the initiation and development of early degenerative 71 

changes in the human OA joint. Furthermore, many of the in vivo preclinical models 72 

that are utilised are artificial models [6] where OA is experimentally induced either 73 
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chemically or surgically.  Surgical induction of OA is achieved by destabilising the  74 

joint through the surgical damage of joint ligaments, for example anterior cruciate 75 

ligament tear in the dog [7]  or more recently in mice through the destabilisation of 76 

the medial meniscus (DMM model) [8, 9].  Although these models are effective in 77 

inducing joint damage, they more likely reflect changes seen in traumatically induced 78 

OA, where an injury has triggered further damage, rather than age-related OA [6, 8, 79 

10].   80 

For studying age-related human OA onset, animal models that spontaneously 81 

develop OA are likely to be more translatable.  Such translation is critical to the 82 

development of new OA drugs.  Indeed, the greatest reason for late-stage failure of 83 

candidate drugs can be traced back to failure of preclinical target validation studies 84 

to translate in the clinic [11].  In this regard, the Dunkin Hartley guinea pig is a 85 

notable example [12]. These animals develop OA without surgical, chemical or 86 

environmental manipulation [12, 13].  However, the quantity of joint tissue for ex vivo 87 

and in vitro studies can be limiting. Spontaneous development of OA has also been 88 

studied in large animals including horse [14] and dog [15].  However, the major 89 

drawback with these models is the long timescale for OA development, which can 90 

make studies prohibitively expensive and ultimately unfeasible. Furthermore, public 91 

resistance to the use of companion animal species in biomedical research also 92 

presents additional challenges. 93 

In contrast to the above models, commercial pigs have been reported to develop 94 

spontaneous joint pathologies at a young age, resulting in pigs often being 95 

slaughtered due to lameness [16].  However, no study had previously examined 96 

whether the commercial pig develops signs of OA joint damage. The aim of this 97 

study was two-fold. Firstly, to assess pain-associated behaviour and femorotibial 98 
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joint pathology for signs of spontaneous development of OA in commercial pigs from 99 

juvenile to older adult.  Secondly, to assess the potential utility of porcine cartilage 100 

explants and isolated porcine chondrocytes and osteoblasts for in vitro and ex-vivo 101 

preclinical studies.  102 

 103 

Methods 104 

Animals 105 

Female pigs (Large white x Landrace x Duroc) aged 6-10 wks (n=8, weight 37.4 ± 106 

1.4 kg), 17 wks (n=6, weight 84.0 ± 2.2kg), 40 wks (n=6, weight 141.2 ± 4.2kg), 63 107 

wks (n=8, weight 245.1 ± 9.0kg), and 3-4 years (n=7, weight 230.6 ± 9.0kg) 108 

purchased from JSR Genetics Ltd (Driffield, UK) were used in this pilot study to 109 

examine the incidence of the development of osteoarthritis. For comparison 110 

purposes animals were characterised by age in to three groups: juvenile (age range 111 

6-17 wk), adult (40-80 wk), and older adult (3-4 years). The juvenile and adult age 112 

groups were all gilts (female pigs that have not been used for breeding), whilst the 113 

older adults were ex-breeding sows.  Ethical permission for the study was granted by 114 

the University of Nottingham Animal Welfare Ethical Review Body (AWERB).  Pigs 115 

were group-housed under directives set by the Department of Environment, Food, 116 

and Rural Affairs (DEFRA), as specified in The Welfare of Farmed Animals 117 

(England) Regulations 2007, thus replicating the standards animals were housed in 118 

prior to arrival at our facilities. Animals were checked daily by qualified animal 119 

technicians.  Pigs were provided with free access to food and water and allowed to 120 

acclimatise to their surroundings upon arrival at the University facilities for a 121 

minimum of 2 weeks before being slaughtered by electrical stunning followed by 122 

exsanguination. The 63 wk animals were maintained for an extended period of time 123 
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(16-17 weeks), prior to euthanasia, to allow temporal changes in animal behaviour to 124 

be assessed. In all animals, after death had been confirmed, the stifles were 125 

removed for examination and tissue collection. 126 

 127 

Assessment of pain-associated behaviour 128 

Different aspects of pig behaviour including lameness, response to touch, willingness 129 

to ambulate and vocalisation were assessed as potential markers of behavioural 130 

pain in juvenile, adult and older adult pigs. Each behavioural aspect was 131 

incorporated into a scoring system and assigned a value from 1-5 (Supplementary 132 

Table 1) based on that used by Royal et al [17]. Behavioural assessment was carried 133 

out weekly and assessment sessions typically lasted about an hour. On arrival at the 134 

facility, pigs were allowed to acclimatise to the presence of the scorer for between 5-135 

10 minutes before behavioural scoring was carried out. Observation of lameness 136 

was carried out during weekly weighing procedures, with animals encouraged to 137 

move by the animal technicians. Similarly, the response to handling by the animal 138 

technician during the weighing process was used to record the response to touch. All 139 

other scoring parameters were collected on the same visit and prior to attempts to 140 

weight the animals, with animals resting in their home environment. 141 

 142 

Chondropathy scoring 143 

Femoral condyles and tibial plateaus of juvenile, adult, and older adult porcine 144 

femorotibial joints were used for chondropathy scoring. The lateral and medial 145 

surfaces of the femoral condyles and tibial plateaus of the joint were scored 146 

separately. Chondropathy scoring was performed using two methodologies, namely 147 

Collin’s grading and the revised Système Française D'Arthroscopie  (SFA) scoring 148 
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method as described by Walsh and colleagues [18].  The Collin’s grading and SFA 149 

are macroscopic severity scoring systems, which are based on an assessment of OA 150 

changes in the articular surface, including cartilage swelling, fibrillation and exposure 151 

of bone.  They have been widely validated in both mild and severe OA [18-23].  As a 152 

comparison to human OA, the femoral condyles and tibial plateau were also scored 153 

from end-stage knee OA patients (n=4), which were collected from the Royal 154 

Orthopaedic Hospital (Birmingham) following ethical approval from the Research 155 

Ethics Committee (NRES 13/NE/0222). In subsequent experiments, based on gross 156 

assessment, “damaged cartilage” was defined as having evidence of fibrillation, 157 

equivalent to a Collin’s grade score of greater than 2, or a revised SFA score of more 158 

than 20. Cartilage defined as “undamaged” had a normal, unbroken surface. 159 

 160 

Safranin-O staining of femoral condyle proteoglycans 161 

Femoral condyles from n=8 adult animals were snap frozen in liquid nitrogen 162 

immediately following slaughter and stored at -80°C until cryostat processing.  163 

Cryosections (8µm thick) were cut using a cryostat and transferred to slides to 164 

facilitate subsequent safranin-O/ fast green staining.  Staining was performed without 165 

fixation as described previously [24]. 166 

 167 

Culture of primary porcine chondrocytes, osteoblasts and cartilage explant 168 

Primary porcine chondrocytes were isolated from juvenile (n=6 animals) and older 169 

adult (n=6 animals) femoral condyle cartilage by collagenase digestion.  In brief, 170 

samples of cartilage were diced with a scalpel and digested for 4 h in chondrocyte 171 

cell culture media (DMEM supplemented with 10% FBS, 2mM L-glutamine, 1% non-172 

essential amino acids, 1% penicillin/streptomycin) containing 2mg/ml sterile-filtered 173 
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collagenase (Sigma Aldrich, Poole, UK).  The digested cartilage was filtered through 174 

a sterile 40 µm cell strainer, placed in T75 culture flasks with cell culture media and 175 

incubated at 37°C, 5% CO2.  Media was refreshed every 3-4 days. 176 

Osteoblasts were cultured out from subchondral bone chips obtained from adult 177 

(n=6) and older adult (n=6) pigs, based on a protocol we have previously used for 178 

human OA subchondral bone osteoblast outgrowth [25].  In brief, subchondral bone 179 

chips from damaged and non-damaged porcine femoral condyles were incubated in 180 

T75 culture flasks at 37°C, 5% CO2 in osteoblast cell culture media (DMEM 181 

supplemented with 10% FBS, 2mM L-glutamine, 1% non-essential amino acids, 1% 182 

penicillin/streptomycin, 2mM β-glycerophosphate, 50µg/ml L-ascorbic acid, 10nM 183 

dexamethasone and 1% amphotericin-B). After 7-20 days of culture, osteoblast 184 

outgrowth was observed and the bone chips were removed.  185 

Cartilage explants were prepared using a cork borer to cut cartilage discs (50 mm 186 

diameter) from full thickness sections of damaged and non-damaged femoral 187 

condyle cartilage obtained from adult animals (n=7) for sGAG analysis.  Cartilage 188 

explants were also prepared from older adult animals (n=5) for analysis of collagen 189 

mRNA and for in vitro cytokine stimulation.  Explant discs were placed into 96-well 190 

cell culture plates in chondrocyte cell culture media and incubated at 37°C, 5% CO2.  191 

 192 

1,9-dimethylmethylene blue (DMMB) proteoglycan release assay 193 

Sulphated glycosaminoglycan (sGAG) released from cartilage explant (n=7 adult 194 

animals) was quantified via a dimethylmethylene blue (DMMB) assay, as previously 195 

described [26].  In brief, cartilage explants were allowed to rest in chondrocyte media 196 

for 2-3 days before being replaced with fresh chondrocyte media and incubated for 197 

48 h, after which time the supernatant was collected for analysis.  Shark chondroiten 198 
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sulphate C (Sigma, UK) was used to generate a standard curve and 40 µL of 199 

standards and samples combined with 250 µL DMMB reagent  (0.24% sodium 200 

chloride, 0.3% glycine, 0.8% v/v hydrochloric acid, 0.0016% DMMB) and absorbance 201 

read at 550 nm using a microplate reader (Bio-Rad 680XR). 202 

 203 

Quantification of mRNA expression by qRT-PCR 204 

Total RNA was extracted from primary porcine chondrocytes using an RNA isolation 205 

kit (Roche High Pure Isolation Kit) according to the manufacturer’s instructions. Total 206 

RNA was extracted from snap-frozen porcine femoral condyle cartilage tissue using 207 

ceramic beads (Roche Green Beads) and a MagnaLyser instrument in combination 208 

with a fibrous tissue RNA extraction kit (Qiagen). cDNA was subsequently generated 209 

from 100 ng of total RNA (ReverAid RT cDNA synthesis kit, Thermo Scientific) 210 

according to manufacturer’s instructions. Relative mRNA expression of the collagen 211 

genes COL1A1 and COL2A1 were determined by qRTPCR using a Roche 212 

Lightcycler 480® (Roche, Burgess Hill, UK), normalised to cDNA concentration. The 213 

primer sequences used were as follows: COL1A1 Forward: 214 

AGAAGAAGACATCCCACCAGTCA, Reverse: CGTCATCGCACAACACATTG; 215 

COL2A1 Forward: GGCAACAGCAGGTTCACGTA, Reverse: 216 

CAATCATAGTCTGGCCCCACTT. All samples were analysed in triplicate. 217 

 218 

Alkaline Phosphatase (ALP) Assay 219 

Cultured osteoblasts were lysed using cell lysis buffer (150mM Sodium Chloride, 1% 220 

triton x-100, 50mM Tris, pH 8.0) containing protease and phosphatase inhibitor 221 

cocktails (Sigma Aldrich, Poole, UK) and the protein concentration of cell extract 222 

determined using the Bradford protein assay [27]. To 10µl osteoblast lysate, 100µl of 223 
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alkaline phosphatase substrate containing p-nitrophenylphosphate (pNNP) was 224 

added and incubated for 15 mins at 37°C before being stopped by the addition of 225 

20µl 0.1M sodium hydroxide. Standards prepared from human alkaline phosphatase 226 

diluted in 1mM magnesium chloride solution were run in parallel. Absorbance was 227 

measured at 405nm using a BioRad 680XR platereader. 228 

 229 

Alizarin Red Mineralisation Assay 230 

Mineralisation of osteoblasts was determined by Alizarin Red staining [28].  In brief, 231 

upon reaching confluence osteoblasts were grown for a further 3 weeks and then 232 

were stained with 0.5% alizarin red staining solution (0.5% Alizarin Red, 1% 233 

ammonia solution, pH 4.0) for 10 min.  The cells were then washed in PBS and 234 

destained using 10% cetyl pryridium chloride (Sigma, UK) for 10 min.  The 235 

absorbance of the supernatant was measured at 550 nm on a BioRad 680XR 236 

platereader. 237 

 238 

Mitochondrial assays 239 

To isolate mitochondria, osteoblasts were resuspended in 2ml Buffer (100mM 240 

potassium chloride, 50mM Tris, 5mM Magnesium Chloride, 1.8mM ATP, 1mM 241 

EDTA. pH 7.2) and homogenised on ice for 4 min.  The sample was then centrifuged 242 

at 720 x g for 1 min to pellet any cellular debris. The resultant supernatant was 243 

transferred to clean pre-cooled tube and centrifuged at 10000 x g for 5 min to pellet 244 

the mitochondria. The mitochondrial pellet was then resuspended in 400μl buffer 245 

(225mM sucrose, 44mM potassium phosphate monobasic, 12.5mM magnesium 246 

acetate, 6mM EDTA).   Maximal mitochondrial ATP production was measured using 247 

a 96-well bioluminescence assay.  In brief, 25μl of the mitochondrial sample was 248 
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added to 110μl Tris-EDTA buffer, 25μl ADP and 40μl ATP reagent SL (Biothema 249 

ATP Reagent SL Kit). All samples were run in triplicate and luminescence measured 250 

using a FLUOstar plate reader. Mitochondrial citrate synthase activity was measured 251 

based on the kinetic production of 2-nitro-5-benzoic acid measured at an absorbance 252 

of 415nm using a Bio-rad 680XR microplate reader. 253 

  254 

Statistical Analysis 255 

Statistical analysis was carried out using Graphpad Prism software version 7.0.  256 

Chondropathy scores and lameness scores were analysed using the Kruskall-Wallis 257 

non-parametric test, with post-hoc tests where appropriate. Pearson’s correlation 258 

coefficient was used to determine the relationship between proteoglycan loss and 259 

revised SFA chondropathy score. In vitro and ex-vivo expression data was analysed 260 

using unpaired t-tests with 1-way ANOVA used for dose responses.   261 

 262 

Results 263 

Development of lameness as a marker of pain-associated behaviour in the 264 

commercial pig  265 

Lameness was assessed in pigs at three different age groups, (i) juvenile (n=6), (ii) 266 

adult 63 week old pigs (n=6) and (iii) older adults (n=7). The adult pigs (63 week old) 267 

were monitored at weekly intervals over a 16 week period and lameness assessed 268 

from age 64 to 80 weeks, to allow temporal changes in pain-associated behaviour to 269 

be observed. Observational scoring of lameness indicators revealed no indications of 270 

lameness in the youngest age group (juvenile). However, there was a significant 271 

increase (p<0.05) in the median lameness of both 80 week adult and older adult 272 

pigs, compared to juvenile pigs (Figure 1A).  Furthermore, there was a significant 273 
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(p<0.01) increase in lameness score over a timespan of 16 weeks in adult pigs from 274 

age 64 to 80 weeks old (Figure 1B).  Lameness in the older adult animals was on 275 

average no greater than that observed in adult animals aged 80 wks (Figure 1A).  276 

None of the animals responded to touch in a manner that would be associated with 277 

pain or discomfort, or differed in their willingness to ambulate.  Furthermore, 278 

vocalisation was not related to any pain or discomfort as might be expected of other 279 

animals, such as the rat [29] for which VAS scoring is more commonly used. 280 

 281 

The commercial pig spontaneously develops signs of osteoarthritic joint 282 

damage 283 

Femorotibial joints from juvenile, adult, and older adult commercial pigs were 284 

assessed for the presence and severity of OA lesions by chondropathy scoring using 285 

Collin’s grading and a revised SFA scoring system.  As a comparison to human OA, 286 

femoral condyles and tibial plateau from end-stage human knee OA patients (n=4) 287 

were scored using the same chondropathy scoring system.    288 

Chondropathy scoring showed an effect of age and joint compartment on the 289 

development of joint damage in the commercial pig.  Using either Collin’s grading or 290 

revised SFA showed a significant increase in the median joint damage score in adult 291 

and older adult pigs, compared to juvenile pigs (Figure 2A, 2B).  As expected, the 292 

greatest joint damage was observed in the older adult pigs, which exhibited grade II 293 

and grade III lesions in femoral condyle cartilage (Figure 2C).  OA cartilage lesions 294 

developed on both tibial plateaus and femoral condyles, and on both medial and 295 

lateral sides of the joint.  However, in the older adult pigs significantly greater median 296 

joint damage was present on the medial side of the femoral condyles and on the 297 

medial side of tibial plateau, compared to the corresponding lateral compartments 298 
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(p<0.05) as scored using revised SFA (Figure 2A).  In addition to cartilage lesions, 299 

the joints of all older adult pigs animals, and the majority (75%) of 80 week adult pigs 300 

exhibited bony nodules, indicative of osteophyte formation (Figure 2D).  However, 301 

notably, joint damage, even in the older adult pigs was lower than that observed in 302 

end-stage human knee OA (Collin’s grade= 10.0 ± 1.1; SFA=106.4 ± 10.8). 303 

In order to further examine the pathology of these lesions we prepared cryosections 304 

of femoral condyle cartilage from n=8 adult pigs which exhibited varying degrees of 305 

joint damage, and stained the cartilage proteoglycans with Safranin O.  As expected, 306 

proteoglycan staining was appreciably lower in the cartilage sections prepared from 307 

pig joints that exhibited higher chondropathy scores (Figure 3A). We then assessed 308 

the relationship between proteoglycan degradation and joint damage by preparing 309 

cartilage explants from n=7 adult pigs with varying degrees of joint damage (femoral 310 

condyle SFA= 1.4, 2.1, 3.2, 7.6, 11.2, 13.4 and 30.5) and measuring the release of 311 

sGAGs, compared to non-damaged cartilage explant.  Due to the requirement to 312 

obtain full thickness cartilage explants of the same size (50 mm diameter) we did not 313 

determine sGAG release from explants of joints with higher chondropathy scores.  314 

Therefore, a limitation is that we have not assessed the relationship between 315 

cartilage explant sGAG release across the full range of joint damage scores in these 316 

animals.  Nevertheless, the relative release of sGAGs was positively correlated with 317 

both Collin’s grade (r2=0.791, p<0.01) and revised SFA score (r2 = 0.733, p<0.05) 318 

(Figure 3B).     319 

  320 
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Cytokine stimulation of primary porcine chondrocytes and cartilage explant 321 

induces IL-6 release and proteoglycan degradation 322 

Since human OA cartilage degeneration has been attributed to the hypertrophy and 323 

increased proliferative activity of chondrocytes, we first examined whether 324 

chondrocytes from the damaged joints of older adult pigs exhibited a greater 325 

proliferative capacity.  Comparing primary porcine chondrocytes isolated from older 326 

adult pigs with those isolated from juvenile animals, there was no difference in 327 

proliferation rate (Figure 4A).  However, similar to primary human chondrocytes, 328 

upon 2D culture porcine primary cells rapidly adopted a fibroblast-like morphology 329 

(Figure 4B) and exhibited a significantly lower ratio of COL2A1 to COL1A1 330 

expression compared to cartilage (Figure 4C; p<0.05), suggesting that the porcine 331 

chondrocyte phenotype is not maintained in culture.   332 

Next in porcine femoral condyle cartilage explants and isolated porcine chondrocytes 333 

obtained from older adult animals, we examined their utility as ex-vivo and in vitro 334 

OA models by determining the effect of putative pro-inflammatory drivers of OA 335 

cartilage degeneration on the release of the pro-inflammatory cytokine IL-6 (by 336 

ELISA) and sGAG release (by DMMB assay).  Stimulation for 24 h of primary 337 

porcine chondrocytes with either recombinant porcine IL-1β (0.1 ng/ml to 3 ng/ml) or 338 

recombinant visfatin (500 ng/ml) significantly increased IL-6 secretion, compared to 339 

unstimulated control (Figure 4D). Similarly, 24 h stimulation of porcine cartilage 340 

explants with either recombinant IL-1β (0.1 ng/ml to 1 ng/ml) or visfatin (500 ng/ml) 341 

significantly induced IL-6 secretion (Figure 4E), compared to unstimulated control 342 

cells. In addition, 24 h stimulation of porcine cartilage explant with IL-1β significantly 343 

induced the release of sGAGs (Figure 4F). 344 

 345 
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Porcine subchondral osteoblasts from OA damaged joints exhibit reduced 346 

proliferative and metabolic capacities and reduced ability to mineralise  347 

The presence of bony nodules in adult animals indicated the involvement of bone in 348 

the development of joint problems in the pig.  In human OA, the presence of 349 

osteophytes and changes to the subchondral bone trabecular structure has been 350 

attributed to an altered osteoblast phenotype [30] .  Therefore, we next compared the 351 

phenotype of osteoblasts isolated from both damaged and non-damaged joints from 352 

both adult and older adult pigs.   353 

The proliferative rate of osteoblasts obtained from non-damaged adult joints was 354 

significantly (p<0.01) greater than in osteoblasts from the older adult damaged joints 355 

(Figure 5A).  In addition, the osteoblasts from non-damaged adult joints, but not 356 

osteoblasts from the damaged older adult joints, were able to form mineralised bone 357 

nodules over 21 d culture as noted by positive staining of mineral with Alizarin red 358 

(Figure 5B).  Furthermore, while not statistically significant, a trend for osteoblasts 359 

from damaged older adult joints to exhibit greater ALP activity than osteoblasts from 360 

adult non-damaged joints was observed (P=0.09; Figure 5C).  361 

To investigate this further, we next examined mitochondrial activity by determining 362 

both mitochondrial ATP production and citrate synthase activity in osteoblasts from 363 

damaged and non-damaged joints collected either adult or older adult pigs.  There 364 

was a highly significant (p<0.01) effect of joint damage on both mitochondrial ATP 365 

production (Figure 5D) and citrate synthase activity (Figure 5E), with osteoblasts 366 

from damaged joints exhibiting reduced mitochondrial ATP production and citrate 367 

synthase activity, compared to osteoblasts from non-damaged joints, in both adult 368 

and older adult pigs.   369 

 370 
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Discussion 371 

This study is the first to report the temporal and spontaneous development of OA in 372 

the femorotibial joint of the commercial pig and its association with behavioural pain.  373 

Furthermore, for the first time we provide evidence of impaired proliferative, 374 

metabolic and mineralisation capacity of subchondral osteoblasts from OA damaged 375 

joints in the pig.    376 

Examination of porcine femorotibial joints by two different chondropathy scoring 377 

systems (revised SFA and Collin’s grade) revealed that commercial pigs develop 378 

osteoarthritic lesions in their femorotibial joints early in their lifespan.  Importantly, 379 

significantly greater total cartilage damage was observed on the medial side of the 380 

joint compared to the lateral compartments in the older adult pigs, as often observed 381 

in the development of human OA knee which has been attributed to gait [10].  382 

Similarly to human OA, articular cartilage from damaged pig joints exhibited lower 383 

proteoglycan content than that collected from non-damaged joints.  In human OA, 384 

cartilage proteoglycan matrix degradation is attributed to the proliferation and 385 

hypertrophy of chondrocytes.  In this study, we observed no difference in the 386 

proliferative capacity of porcine primary chondrocytes isolated from juvenile joints 387 

compared to chondrocytes isolated from damaged older adult pig joints.  However, 388 

similarly to human OA chondrocytes [31-33] porcine chondrocytes rapidly de-389 

differentiated in culture, exhibiting a fibroblast-like morphology and expressed 390 

significantly lower type II collagen compared to porcine cartilage.        391 

In addition to cartilage damage, the joints of adult pigs exhibited bony nodules 392 

indicative of osteophyte formation and aberrant subchondral bone remodelling [34].  393 

Evidence of abnormalities in the subchondral bone early in the development of joint 394 

damage in the pig adds further weight to the role of bone in the initiation and 395 
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progression of OA [2, 35, 36].  In human OA, the appearance of bony spurs can be 396 

seen on radiographs of the diseased joint, whilst MRI analysis has shown that the 397 

presence of bone marrow lesions in subchondral bone are associated with the 398 

progression of cartilage loss [37, 38] and pain [39, 40].  Further analysis by MicroCT 399 

has shown that the subchondral bone in OA is under-mineralised but has thicker 400 

trabeculae [41], suggestive of accelerated bone turnover. In addition to our findings 401 

in the pig, changes to the subchondral bone have been reported during the  402 

spontaneous development of OA in the Dunkin Harltey guinea pig [42], where bone 403 

changes were found to occur prior to significant cartilage loss [43]. 404 

In this study, further evidence for the involvement of bone in the spontaneous 405 

development of OA in the pig was observed upon analysis of isolated porcine 406 

osteoblasts from the subchondral bone tissue of damaged joints and non-damaged 407 

joints.  Both proliferative and mineralisation capacity was found to be impaired in 408 

osteoblasts from damaged joints of older adult animals compared to osteoblasts 409 

from younger non-damaged joints. Conversely, osteoblasts from damaged joints of 410 

older adult animals exhibited greater ALP activity compared to osteoblasts from 411 

younger non-damaged joints. It is important to note however, that we did not 412 

compare the proliferative activity of osteoblasts from damaged and non-damaged 413 

joints within the same age group.  We cannot therefore be certain whether this 414 

impaired proliferative osteoblast phenotype is due to age or disease.  However, this 415 

“damaged” porcine osteoblast phenotype has similarities to the human OA 416 

osteoblast phenotype. For example, human OA subchondral osteoblasts have 417 

elevated ALP activity, compared to non-OA osteoblasts [44]. Furthermore, Sanchez 418 

et al [45] have found that osteoblasts from regions of sclerotic subchondral bone 419 

tissue exhibit greater ALP activity and reduced mineralization, compared to non-420 
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sclerotic osteoblasts from OA joints.  This high ALP activity but lower mineralisation 421 

capacity in OA osteoblasts has been attributed to the potential accumulation of 422 

pyrophosphate (PPi) activating ALP, whilst being a potent inhibitor of 423 

hydroxyapaptite crystal formation [45].   424 

It has previously been proposed that the phenotype of elevated ALP coupled with 425 

reduced mineralisation in OA osteoblasts indicates that subchondral bone 426 

osteoblasts undergo incomplete differentiation in human OA [46]. Since 427 

mitochondrial activity plays a critical role in osteoblast differentiation [47, 48] it is 428 

notable that we found that osteoblasts from damaged pig joints exhibited significantly 429 

lower mitochondrial ATP production than osteoblasts from non-damaged joints.  430 

Mitochondrial activity has been implicated as a mediator of OA pathology [49, 50].  431 

Indeed, reduced mitochondrial activity in OA chondrocytes has been implicated in 432 

cartilage damage [51]. Currently, despite mitochondrial activity being central to 433 

osteoblast differentiation, studies investigating mitochondria in OA osteoblasts are 434 

lacking.  However, osteoblast mitochondrial dysfunction has been identified as an 435 

important factor in the pathogenesis of osteoporosis [52]. Our finding that citrate 436 

synthase activity was also reduced in osteoblasts from damaged pig joints suggests 437 

joint damage in the pig was associated with a reduction in subchondral osteoblast 438 

mitochondrial number, rather than osteoblast mitochondrial dysfunction.    439 

In addition to the spontaneous development of OA joint damage, the commercial pig 440 

represents an excellent tissue source for in vitro and ex-vivo OA models.  Indeed, 441 

cultured osteoblasts retained a “damaged” dysfunctional phenotype in vitro.  442 

Furthermore, although isolated chondrocytes rapidly de-differentiated upon 2D 443 

culture, both chondrocytes and cartilage explants were highly responsive to 444 

stimulation with pro-inflammatory putative OA drivers including IL-1β and visfatin, 445 
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with a rapid quantitative secretion of IL-6, and sGAG release.  Critically, such studies 446 

on human cartilage most often utilise tissue from end-stage OA patients where the 447 

cartilage is highly degraded. Therefore, the availability of sufficient quantity of 448 

relatively healthy cartilage tissue that behaves in a similar manner may represent a 449 

useful tissue source for conducting studies that better represent early OA initiation.    450 

The use of the commercial pig as a spontaneous model of OA has some limitations.  451 

Pigs can develop osteochondrosis (OC), which commonly occurs in fast growing 452 

animals and can lead to the development of OA which is secondary [53]. Also, while 453 

the Large white x Landrace x Duroc, as used in the current study, is commonly 454 

utilized for commercial purposes, it is feasible that differences in the development of 455 

OA could be seen between different genotypes of pig.  A limitation of the current 456 

study is the narrow range of recombinant proteins considered in our ex vivo assays. 457 

The response of cartilage explants from the pig femorotibial joint to alternative 458 

proteins implicated in the etiology of human osteoarthritis remains to be confirmed. 459 

Furthermore, the cytokine stimulations of porcine chondrocytes and cartilage explant 460 

were conducted in full serum culture media.  This was done in order to mimic 461 

previous studies in on cytokine stimulation of human cartilage and human 462 

chondrocytes [54, 55].  However, it should be noted that Bian et al. showed that 463 

cartilage explant cultured in full-serum exhibited 70% greater degradation over the 464 

course of 2 weeks compared to cartilage in serum-free media [56].  Finally, it 465 

remains to be determined whether histological examination of the subchondral bone 466 

of the pig femorotibial joint will reveal similar pathophysiological changes as evident 467 

in humans. 468 

 469 

Conclusion 470 
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The commercial pig spontaneously develops behavioural pain and OA joint damage 471 

in the femorotibial joint with evidence of cartilage lesions in the femoral condyles and 472 

tibial plateau and metabolically dysfunctional subchondral bone osteoblasts.  The 473 

commercial pig may therefore provide an alternative preclinical model of OA and a 474 

highly useful source of joint tissue for in vitro and ex vivo OA models.   475 

 476 
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Figure legends: 685 

Figure 1.  Development of lameness as a marker of behavioural pain. 686 

A scoring system was used to assess lameness as a marker of behavioural pain.  687 

(A) Comparison of median lameness score in juvenile (n=6 animals), 80 wk adult 688 

(n=6 animals) and older adult (n=7 animals) pigs.  *=p<0.05, significantly different 689 

from juvenile lameness score as determined by Kruskal-Wallis non-parametric test 690 

with Dunn’s post-hoc test.  (B)  Median lameness score in adult pigs across an 16 691 

week timespan from age 64 to 80 wk old (n= 6 animals).   **=p<0.01, significant 692 

change in median score over time as determined by Kruskal-Wallis test.     693 

 694 

Figure 2.  Spontaneous development of joint damage in the commercial pig 695 

(A) Median total and joint compartment chondropathy score of femoral condyle and 696 

tibial plateau joints using Collin’s grading and Revised SFA in juvenile (white boxes, 697 

n=6), adult (light grey boxes, n=14)  and older adult (dark grey boxes, n=7) pigs. * = 698 

p<0.05; ** = p<0.01; *** = p<0.001 significantly different compared to juvenile 699 

animals.  ψ = p<0.05 significantly different between medial and lateral compartment 700 

within same age group, as determined using Kruskal-Wallis non-parametric test.  (B) 701 

Representative images of femoral condyle joints from juvenile, adult, and older adult 702 

animals.  (C) Evidence of Grade II and Grade III cartilage lesions in femoral condyles 703 

of older adult pigs. (D) Evidence of bony nodules in adult pigs.   FCM= femoral 704 

condyle medial, FCL=femoral condyle lateral, TPM=tibital plateau medial, TPL=tibial 705 

plateau lateral. 706 

 707 
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Figure 3.  Areas of cartilage damage exhibit proteoglycan loss. 708 

(A) Representative images (10X magnification) of Safranin O staining of 709 

proteoglycan in femoral medial condyle cryosections from n=8 adult pigs with varying 710 

signs of joint damage.  White numbers represent SFA of the femoral condyle joint 711 

(medial plus lateral).  Yellow numbers represent the SFA score of the whole joint 712 

(femoral condyle and tibial plateau).  (B) Correlation between chondropathy scoring 713 

(SFA and Collins) and sGAG release from femoral condyle cartilage explants 714 

prepared from n=7 adult pig joints.   sGAG release was measured by DMMB assay 715 

and is expressed as the relative fold difference in damaged cartilage compared to 716 

healthy undamaged control cartilage explant.  r = Pearson’s correlation coefficient.   717 

 718 

Figure 4.  Characterisation of porcine chondrocytes and cartilage explant 719 

(A) Proliferation of primary porcine chondrocytes isolated from juvenile (n=6) and 720 

older adult pigs (n=6).  Proliferation was determined by MTS assay over a 721 

timecourse of 14 days.  (B)  Representative light microscope image (6.3X 722 

magnification) of porcine chondrocytes in 2D culture showing fibroblast-like 723 

morphology. (C)  mRNA expression of type I and Type II collagen in primary porcine 724 

chondrocytes (n=6 animals) compared to non-damaged porcine cartilage explant 725 

(n=5 animals), from older adult pigs.  Expression was determined by qRT-PCR 726 

normalised to total cDNA concentration.  (D)  Secretion of IL-6 from porcine primary 727 

chondrocytes from older adult pigs (n=6) stimulated for 24 h with recombinant IL-1β 728 

(0.1-3 ng/ml) or recombinant visfatin (500 ng/ml).  IL-6 in cell supernatants was 729 

measured by ELISA.  * = p<0.05; *** = p<0.001 significantly different from un-730 

stimulated control chondrocytes.  Bars represent mean ± SEM (n=6).  (E)  Secretion 731 
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of IL-6 from porcine non-damaged cartilage explants from older adult pigs stimulated 732 

for 24 h with recombinant IL-1β (0.1-10 ng/ml) or recombinant visfatin (500 mg/ml) as 733 

measured by ELISA.  * = p<0.05; *** = p<0.001 significantly different from un-734 

stimulated control explants.  Bars represent mean ± SEM (n=20 explants per 735 

stimulant).  (F) Detection of sulphated glycosaminoglycan (sGAG) proteoglycan side-736 

chain upon 24 h stimulation of porcine non-damaged cartilage explant from older 737 

adult pigs with recombinant IL-1B.  sGAG detected by DMMB assay.   * = p<0.05; *** 738 

= p<0.001 significantly different from un-stimulated control explants.  Bars represent 739 

mean ± SEM (n=20 explants per stimulant)     740 

 741 

Figure 5: (A) Proliferation of osteoblasts obtained from non-damaged adult and 742 

damaged older adult pig joints measured over a 14 day time period by MTS assay. 743 

Data points represent the mean cell number ± SEM (n=3). (B) Representative light 744 

microscope images of alizarin red stained osteoblasts isolated from non-damaged 745 

adult and damaged older adult joints.  (C)  ALP activity isolated from non-damaged 746 

adult (n=3 animals) and damaged older adult joints (n=3 animals).  Values represent 747 

mean ALP activity ± SEM.  (D) Maximal mitochondrial ATP production in osteoblasts 748 

obtained from adult (n=3 non-damaged; n=3 damaged) and older adult (n=3 non-749 

damaged; n=3 damaged) pig joints.  ** = p<0.01.  Bars represent mean ±SEM.  (E) 750 

Citrate synthase activity in osteoblasts obtained from adult (n=3 non-damaged; n=3 751 

damaged) and older adult (n=3 non-damaged; n=3 damaged) pig joints.  Bars 752 

represent mean ± SEM. ** = p<0.01, *** = p<0.001.      753 

  754 
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Supplementary Table 1: Scoring of behavioural pain aspects 756 
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