An intra-articular salmon calcitonin-based nanocomplex reduces experimental inflammatory arthritis 
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Abstract
Prolonged inappropriate inflammatory responses contribute to the pathogenesis of rheumatoid arthritis (RA) and to aspects of osteoarthritis (OA). The orphan nuclear receptor, NR4A2, is a key regulator and potential biomarker for inflammation and represents a potentially valuable therapeutic target. Both salmon calcitonin (sCT) and hyaluronic acid (HA) attenuated activated mRNA expression of NR4A1, NR4A2, NR4A3, and matrix metalloproteinases (MMPs) 1, 3 and 13 in three human cell lines: SW1353 chondrocytes, U937 and THP-1 monocytes. Ad-mixtures of sCT and HA further down-regulated expression of NR4A2 compared to either agent alone at specific concentrations, hence the rationale for their formulation in nanocomplexes (NP) using chitosan. The sCT released from NP stimulated cAMP production in human T47D breast cancer cells expressing sCT receptors. When NP were injected by the intra-articular (I.A.) route to the mouse knee during on-going inflammatory arthritis of the K/BxN serum transfer model, joint inflammation was reduced together with NR4A2 expression, and local bone architecture was preserved. These data highlight remarkable anti-inflammatory effects of sCT and HA at the level of reducing NR4A2 mRNA expression in vitro. Combining them in NP elicits anti-arthritic effects in vivo following I. A. delivery.
Keywords: salmon calcitonin, hyaluronic acid, NR4A orphan nuclear receptors, K/BxN serum, inflammatory arthritis, knee inflammation.
1. Introduction
Prolonged inappropriate local and systemic inflammatory responses contribute to the pathogenesis of rheumatoid arthritis (RA), which affects 0.5-1.0% of adults in the industrialized world [1]. Therapeutic strategies involve use of disease-modifying anti-RA drugs (DMARDs) including oral methotrexate  and leflunomide, along with injected TNF-α inhibitors [2]. Short courses of oral glucocorticoids facilitate subsequent lower dose levels of long-acting DMARDS. In addition, steroids are also injected locally via the intra-articular (I.A.) route to specific RA joints displaying swelling and aggressive flare-up, where they can cause pain relief for up to 8 weeks [3].    
In contrast to RA, osteoarthritis (OA) is a chronic degenerative joint condition and is more prevalent than RA, affecting 60–70% of people older than 65 years, and 13% of the world’s population [4].  Knee OA displays degeneration, reflected by loss of articular cartilage components due to an imbalance between extracellular matrix destruction and repair 
 ADDIN EN.CITE 
[5, 6]
, inappropriate osteophyte formation and synovial inflammation [7].  Key aspects of OA cartilage pathogenesis include degradation driven by cytokine cascades associated with production of inflammatory mediators. The activated synovium releases proteinases and cytokines that accelerate cartilage destruction. Chondrocytes from OA patients produce increased levels of inflammatory cytokines including IL-1β and TNF‑α, which in turn decrease collagen synthesis and increase production of degradation proteases, including matrix metalloproteinases (MMPs) [8]. In destructive hip OA, patients displayed significantly elevated MMP-3 and -9 concentrations in synovial cells, synovial fluid, plasma, and sera 
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[9, 10]
.  Unlike RA, synovial inflammation in OA is mostly confined to local areas adjacent to pathologically damaged cartilage and bone. Although Type-1 cytokine inflammatory pathways mediated by TNF-α, IL-1 and IL-6 are major targets for RA and form the basis of effective biologic therapies including etanarcept, rituximab, and abatacept, inflammatory targets for OA joints have yet to be confirmed [11, 12]. 
Current treatment options for OA are far more limited than for RA and there are no approved disease-modifying drugs. Local I.A. injections of corticosteroids [13] and the viscosupplement, hyaluronic acid (HA) [14], are widely used for symptomatic treatment. Efficacy of I.A. steroids on pain relief is moderate and typically last only for 3 weeks [15], while systemic side-effects due to resorption include temporary suppression of the hypothalamic-pituitary adrenal axis, reduction in serum cortisol and transient elevation of serum glucose [16]. Effects of I.A. -delivered HA for knee OA are similar to those of I.A.-delivered steroids with respect to pain scores, but it is thought to cause less side effects and benefits may last several weeks longer [17]. There is recent evidence that HA restores matrix metalloproteinase (MMP)-13 in osteoarthritic subchondral bone [18], so additional anti-inflammatory effects as well as lubrication may contribute to its benefits in OA.   
Oral options for symptomatic treatment of OA include paracetamol, NSAIDs, and opioids, however there is a risk of serious side effects with long term use. OA therefore requires new drug formulations that address long term pain relief, the arresting of structural joint degeneration and sustained reduction of local inflammation. Of the potential candidates to alleviate inflammatory arthritis, the analgesic peptide, sCT, is already approved as a second line nasal and injectable anti-resorptive treatment for osteoporosis (OP) [19].  Interest in sCT as a potential treatment for OA has increased due to its beneficial metabolic actions on cartilage and bone turnover [20]. sCT also inhibits MMP expression and blocks collagen degradation in articular chondrocytes exposed to TNFα/oncostatin M in vitro [21]. Intriguingly, while an oral formulation of sCT recently completed Phase III clinical trials for OP [22], direct evidence of anti-inflammatory effects of sCT is scant. 
There is growing evidence that dysregulation of intracellular nuclear receptors plays a pivotal role in chronic inflammation [23].  Expression of the nuclear orphan receptor, NURR1 (NR4A2), correlated with disease activity in synovial tissue from human RA joints, an affect that was reduced by low dose MTX [24]. Furthermore, NR4A-activated genes are rapidly activated by inflammatory mediators in chondrocyte and endothelial cells [24, 25] and NR4A receptors have been identified as intermediate effector molecules for cytokine signalling in macrophages [26]. Macrophage exposure to lipopolysaccharide (LPS), cytokines, or oxidized lipids also trigger induction of the NR4A1, 2, and 3 receptors [27].  In addition, functional studies demonstrate both pro- and anti-inflammatory roles for NR4A1, suggesting that expression levels of these receptors in distinct cell types may permit differential effects on gene expression. There is considerable interest therefore in examining NR4A receptor as a potential molecular target in both RA and OA [28]. While increased expression of MMPs have long been associated with inflammation and joint destruction [29], there are no specific inhibitors for either condition, so it may be opportune to target other implicated proteins including NR4A.
Joint–specific features of both OA and RA makes a long-acting I.A. injection an attractive approach as the drug can be retained locally to generate increased efficacy while minimizing systemic side effects at the lower dose levels required [8, 30]. An impediment to translation is that unformulated molecules are rapidly cleared from the synovial space and have short half-lives [31], highlighting the need for nanomedicine formulations to provide sustained release. Notable preclinical examples include I.A. injections of betamethasone in poly(lactic-co-glycolic acid) (PLG) nanospheres in the antigen-induced rabbit, where joint swelling and cell infiltration were reduced [32], while methotrexate entrapped in PLG microspheres was also retained longer in rabbit joints compared to solution [33]. There is considerable debate over the design of the optimal particle composition and diameter for targeting to the articular cartilage, and this is in part due to the wide range of species and disease induction models used.
Our aim therefore was to examine whether sCT and/or HA could reduce expression of induced NR4A1-3 and MMP mRNA levels in human chondrocytes in vitro. We then ad-mixed the two agents to see if expression of NR4A2 mRNA in human chondrocytes could be further attenuated.  Subsequently, sCT and HA were combined using chitosan into an electrostatic-based nanocomplex (NP), which preserved bone, reduced inflammation and inflammatory gene expression when injected by the I.A. route to mice induced to display acute joint arthritic inflammation by administration of K/BxN serum [34, 35].

2. Materials and Methods
2.1 Materials
sCT was purchased from PolyPeptide Laboratories (Denmark). The ParameterTM cAMP (EIA) kit was obtained from R&D systems, UK.  Tissue culture reagents were obtained from BioSciences, Ireland.  Hyaluronic acid (HA) sodium salt from Streptococcus equi sp. was purchased from Sigma, Ireland. The ultrapure chitosan chloride, Protasan UP CL113, was obtained from Nova Matrix, Norway. SW1353, T47D, THP-1 and U937 cells were obtained from ATCC (USA).  All other reagents, chemicals and solvents were of analytical grade.

2.2 Tissue culture and reagents
Human chondrosarcoma cells (SW1353) and monocytes (U937 and THP-1) were maintained in RPMI 1640 medium containing 10% fetal calf serum, HEPES, and penicillin/streptomycin (Invitrogen, UK) at 37 °C and 5% CO2 in air. Cells were passaged with 0.25% Trypsin/EDTA (Invitrogen, UK) and seeded on 6 well plates. 
2.3 Preparation of sCT-HA-chitosan nanocomplexes (NP)
Nanoparticle dispersions were prepared according to a formulation process previously described [36]. HA (MW 257 kDa) was obtained by ultrasonicating a solution of native HA in deionized water. Briefly, a predefined aliquot of chitosan chloride (Protosan UP CL113 (CS), MW 110 ± 6.78 kDa) solution made up in deionized water  was added to a known volume of HA and sCT with stirring.  A dispersion of NP was obtained instantly after adding CL113 solution to the HA/sCT liquid phase. The combined total polymer concentration was 0.1% w/v and the final sCT concentration in the NP dispersion was 100 µg/ml. Stirring was carried out for 10 min and no cross-linking agents were used.
2.4 NP size, zeta potential analysis and morphology
The intensity-averaged mean particle size (mean particle size) and the polydispersity indices (PDI) of the NP were determined by dynamic light scattering (DLS) with the use of 173° backscatter detection. Electrophoretic mobility values were measured by laser doppler velocimetry (LDV) and were converted to zeta potentials [36]. Both DLS and LDV measurements were carried out using a Zetasizer Nano series Nano-ZS ZEN3600 fitted with a 633 nm laser (Malvern, UK). Samples in deionized water were placed directly into the folded capillary cells without dilution. Each analysis was carried out at 25 °C with an equilibration time of 5 min. The readings were carried out at least three times for each batch and the average zeta potential values of at least three batches were calculated and corrected for viscosity [36]. Transmission electron microscopy (TEM) (Jeol 2100, Japan) was used in order to examine NP morphology. The samples were immobilised on copper grids and stained with either 1% (w/v) ammonium molybdate solution for 60 s or 1% (w/v) uranyl acetate solution for 30 s, followed by overnight drying and TEM viewing.
2.5 Association efficiency of sCT  
The association efficiency of sCT in NP was calculated by the difference between the total amount of sCT used to prepare the complexes and the remaining amount of free sCT in the aqueous medium. The amount of free sCT was determined in the supernatant by RP-HPLC (described below) following separation of NP complexes from aqueous medium by a combined ultrafiltration–centrifugation technique (Amicon Ultra-15, MW cut off,50 kDa; Millipore, USA). Briefly, 5 ml sample was placed in the sample reservoir of a centrifugal filter device and centrifuged (5810R centrifuge, Eppendorf, UK) for 60 min at 3000 rpm. The filtrate was collected, its volume measured and the amount of sCT quantified by RP- HPLC.  Samples were analysed with a Shimadzu HPLC Class 10Avp Series (Japan) using a Genesis 4 μm C18 150 × 4.6 mm column (Jones Chromatography, UK). Standard solutions of sCT were prepared in deionised water. 50 μl standards (1.5-50 µg/ml) or samples were injected and isocratic elution was carried out at a flow rate of 1 ml/min, with a mobile phase of 0.116% w/v NaCl, 0.032% v/v TFA and 34% v/v acetonitrile [37]. Samples were monitored at a UV absorbance of 215 nm. Data collection and integration were accomplished using Shimadzu CLASS-VP software (version 6.10). 

2.6 In vitro release of sCT from NP 
In vitro release studies were carried out on NP samples following separation of non-associated sCT. Briefly, 0.25 ml of NP (equivalent to 1.1 mg of dry NP) was suspended in 2.25 ml of PBS for release studies. At each time point (1, 2, 4, 6 and 24 h) the entire 2.5 ml of suspended NP was placed in the sample reservoir of a centrifugal filter device, centrifuged at 3000 rpm for 30 min  to separate the release medium from NP and the NP fraction was then reconstituted to 2.5 ml. The release medium was assayed for sCT content by RP-HPLC as described above and cumulative release profiles constructed.   

2.7 Intracellular cAMP stimulation in T47D cells
NP containing 10 nM sCT were placed in serum-free RPMI 1640 medium supplemented with the phosphodiesterase inhibitor, 3-isobutyl-1-methyl-xanthine (IBMX, 0.2mM).  The solution was placed on a magnetic stirrer at 4 °C for 8 h to ensure dissolution and subsequent sCT release. The capacity of the released sCT to increase intracellular cAMP was assessed using T47D human breast cancer cells expressing calcitonin (CT) receptors [38].  These were maintained in serum-free RPMI-1640 medium containing 1 % penicillin–streptomycin, 10 % fetal bovine serum, and insulin (0.2 IU/mL). Cells were seeded on 24 well plates at an initial density of 1.0 × 105 cells/well and incubated in 5% CO2 in air at 37 °C for 24 h. Media was removed and replaced with serum-free media and incubated for a further 24 h. After washing with media, cells were pre-incubated with the same medium supplemented with IBMX (0.2 mM) at 37 °C for 60 min. The cells were then incubated with released sCT for 15 min. The adenylate cyclase activator, forskolin (10 µM), was used as a positive control. After removing the supernatant, the intracellular cAMP was extracted from the cells by cell lysis and measured by ELISA (R&D Systems, UK).

2.8 Effects of sCT and HA on mRNA expression of NR4A and MMPs in human chondrocytes and differentiated monocyte cell lines. 
SW1353, THP-1  and U937 cells were seeded on 6-well plates at a concentration of 2.5 x 105 cells per well in serum-containing RPMI media. Phorbol-12-myristate-13-acetate (PMA) (20ng/ml) was added to differentiate THP-1 and U937 cells. After 24 h, media was replaced with serum-free RPMI for overnight incubation. PGE2 (1 μM) or IL-1β (10 ng/ml), were then added to cells in serum-free medium for 60 min.  sCT (10 µM), HA (10 µM)  or dexamethasone (Dex, 10µM), were then added for 90 min in the continuing presence of  PGE2 or IL-1β  The initial 60 min incubation was set at the peak expression of NR4As and MMPs in response to activation (data not shown).  Total RNA was isolated from all cell types using Trizol® solution (Invitrogen, BioSciences, Ireland)  when cells were 70-80% confluent. RNA concentrations were determined using a Nanodrop™ method and integrity was checked by gel electrophoresis. 2 (g of total RNA was reverse transcribed into cDNA using an oligo dT primer and the moloney murine leukaemia virus reverse transcriptase enzyme (Invitrogen). Real-time PCR was conducted using Sybr Green master mix (Applied Biosystems) and on an ABI 7300 thermocycler (Applied Biosystems, Ireland). Primers were used to amplify NR4A1, 2 and 3 [39], MMP-1 [40], 2, 3, 9 and 13 [41] and for GAPDH [42]. Relative expression levels of target genes were determined using the 2-(ddc(t)) method with GAPDH as a control.

2.9 I.P. administration of dexamethasone in the K/BxN serum transfer murine model of inflammatory arthritis.
The rationale of using the K/BxN mouse model is that it is an acute 5 day model of inflammation with highly reproducible read-outs titrated to the potency of the serum transferred [34, 35].  This is in contrast to the chronic inflammation model, the collagen-induced arthritis mouse model, which has limitations in screening anti-arthritic agents. Animal studies were approved and performed under the guidelines of the Ethical Committee for the Use of Animals, Barts and the London School of Medicine and the UK Home Office in accordance with the UK Animals (Scientific Procedures) Act, 1986. 6-8 week old male BALB/c mice were I.P.-injected with 150μl serum from K/BxN mice at both day 1 and day 3 [34, 35]. The arthritis index for each paw was assessed on a scale of 0–3 with the following designations: 0 = no swelling or erythema; 1 = slight swelling or erythema; 2 = moderate erythema and swelling in multiple digits or entire paw; 3 = pronounced erythema and swelling of entire paw; 12 = maximum score per mouse [43]. Mice that developed a clinical score >1 were administered Dex. Groups were:  naïve (no serum transfer , no treatment), Dex (0.2µg) administered daily from day 2-6, and serum (mice exposed to K/BxN serum without subsequent treatment). Mice were sacrificed on day 7 and hind paws were harvested for histology to assess treatment effects.  Tissue samples from each hind paw were snap-frozen for RNA analysis and stored at -80°C.
2.10  I.A. administration of NP in the K/BxN serum transfer murine model 
K/BxN serum (150μl) was injected once at day 1 due to the shorter length of study.  On day 2, mice were anaesthetized with isoflurane (3%) in nitrous oxide (0.4 l. min−1)  and oxygen (0.2 l. min−1), using an IMS anaesthetic unit (Harvard Apparatus, UK). I.A. treatments were administered to the left knee using a Hamilton syringe with a 30-gauge needle. Groups were:  naïve, sCT (0.2µg, I.A.), NP (containing 0.2µg sCT, I.A.), Dex (0.2µg, I.A.), and PBS (5 µl, I.A.).  All groups except ‘naïve’ were induced with serum.  The right knees were injected with PBS (internal control). The arthritis index was assessed daily by knee diameter using dial calipers and all four paws were clinically scored as above. Mice were sacrificed on day 5 and hind paws above the knee joint were used for histology [44]. Tissue samples from each hind paw were snap-frozen for RNA analysis and stored at -80°C. 
2.11 Histology analysis
Hind paws or whole knee joints from sacrificed mice were dissected and fixed in 4% paraformaldehyde for 12 h at 4 ºC.  Fixed tissues were de-calcified for 72 h with agitation in formic acid and washed in water for 12 h, followed by immersion in 4% paraformaldehyde and embedding in paraffin. 5 µm sections were mounted on slides and stained with hematoxylin and eosin (H&E) or Safranin O. Histological sections were scored by a ‘blinded’ observer using the criteria (i) inflammation (synovitis infiltration and pannus formation), (ii) cartilage erosion and (iii) bone erosion on a scale of 0-3 (0, none; 1, minimal invasion of meniscus; 2, partial invasion; 3, severe invasion. 
2.12 RNA extraction from mouse tissue and qRT-PCR analysis
Hind paw ankle joints were isolated and treated with RNAlater®, flash frozen in liquid nitrogen and stored at -80 °C. 30mg of frozen ankle tissue was homogenised using Precellys® 24 ceramic bead technology (Bertin Technologies, France). RNA was isolated using the RNAeasy Plus® Mini kit (Qiagen, UK). Generation of cDNA and PCR were performed as described above. Mouse primers were used for NR4A 1-3 [42].
2.13 Statistical analysis
One-way ANOVA followed by Dunnett’s post-test was used for in vitro studies with P < 0.05 set as the limit of significance.  For in vivo studies, two-way ANOVA with Bonferroni post-hoc tests were performed.
3. Results
3.1 sCT and HA reduce expression of stimulated NR4As and MMPs in SW1353, THP-1 and U937 cells.
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sCT and HA were assessed for their capacity to down-regulate mRNA expression of NR4A1-3 and MMPs in human cell lines. PGE2 (1 μM) induced a 100-fold increase in expression of NR4A2 mRNA in SW1353 cells after 60 min (Fig.1A). SW1353 cells were then exposed to either sCT (100 nM) or HA (100 nM) or a mixture of the two agents in the continuing presence of PGE2 for a further 90 min to see if enhanced levels of NR4A2 expression could be reduced, achieving reduction in NR4A2 transcript levels by 49%, 41% and 91%, respectively (Fig. 1A).  The reduction measured with the mixture of sCT and HA was comparable to that attained with Dex (100 nM). The mixture also down-regulated PGE2-induced NR4A1 and NR4A3 transcript levels by 87% and 82% respectively (data not shown). Similar data on NR4A2 expression was achieved in PGE2-activated THP-1  (Fig. 1B) and in IL-1β-activated U937 differentiated monocytes  (Fig 1C). 
Fig. 1. Reduction in activated NR4A2 expression by sCT, HA and a mixture thereof. A:  SW1353 chondrocytes, B: THP-1 monocytes, C: U937 monocytes. Cells were pre-stimulated with either PGE2 (1 µM, A, B), or IL-1ß (10 ng/ml, C) followed by sCT (100 nM), HA (100 nm), the mixture of sCT:HA (100 nm each) or Dex (100 nm) for 90 min in the presence of the stimulating agents. SFM: Serum-free medium. NR4A2 mRNA levels were normalised to GAPDH. *p<0.05, **p<0.01 and ***p<0.001 versus PGE2 (A, B) and IL-1ß (C) , N=3 for each group.

Concentration-responses were generated for the capacity of  sCT and HA to reduce expression of NR4A to in chrondrocytes (Fig 2A, C, respectively).   The threshold for both agents was 10-11M, and maximal efficacy was at 10-5 M. IC50 values were approximately 10-8M in each case.  In the presence of a fixed concentration of HA (10-10 M), additions of sCT (10-11- 10-5M ) inhibited NR4A2 expression to a greater extent than for matched concentrations of sCT alone (Fig. 2B versus 2A). Likewise, when a fixed concentration of sCT (10-10 M) was incubated with HA (10-11- 10-5M ), increased inhibition of NR4A2 expression was seen compared to matched concentrations of HA alone (Fig. 2D versus 2C). There was evidence of an increased effect from ad-mixtures.

[image: image1]
Fig.2: SW1353 cells were pre-stimulated with PGE2 (1 µM) for 60 min followed by treatments for 90 min. A: sCT (10-11-10-5M), B: sCT (10-5-10-11M) in the presence of HA (10-10M, horizontal bar).C:  HA (10-11-10-5M), D: HA (10-11-10-5M), in the presence of sCT (10-10M, horizontal bar). SFM: Serum-free media control. NR4A2 mRNA levels were normalised to GAPDH. *p<0.05, **p<0.01 and ***p<0.001 versus stimulation by PGE2; N=3 each group. 
Effects of sCT and HA on selected MMP mRNA levels were also investigated on IL-1β-stimulated MMP-13 expression in SW1353 cells. sCT, HA  or a mixture of the two reduced MMP-13 by 47%, 31% and 88%, respectively, and the reduction for the mixture was equivalent to that induced by Dex (Fig. 3A). sCT and HA also reduced IL-1-induced MMP-13 mRNA in THP-1 (Fig. 3B) and U937 cells (Fig. 3C). MMP-1 and -3, but not -2 or -9, were similarly down regulated in SW1353 cells (results not shown).
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Fig. 3. Reduction in IL1-β-stimulated MMP13 expression by sCT, HA and a mixture thereof. (A) SW1353 chondrocytes, (B) THP-1 and (C) U937 monocytes. SFM: Serum-free media control. Concentrations and timings as for Fig. 1. MMP13 mRNA levels were normalised to GAPDH. *p<0.05, **p<0.01 and ***p<0.001 versus IL-1β, N=3 for each group.
3.2 Characterisation of sCT/HA/CS NP and bioactivity of released sCT 

Three different mass mixing ratios (MMR) of HA to chitosan were used: 2.5, 5 and 10, at an sCT concentration of 100 µg/ml. NP had hydrodynamic diameters of 193±21, 193±33 and 163±5 nm respectively, with a narrow size distribution with PDIs ranging from 0.124±0.039 (MMR 2.5) to 0.216±0.015 (MMR 10). NP were spherical and comprised a dense core surrounded by a diffused polymer corona (Fig. 4A). NP had negative zeta potentials of -75.0±4.0, -54.3±2.5 and -31.8±1.4 mV for the MMR of 10, 5, and 2.5, respectively.  Good physical stability was indicated by values greater than 30 mV. High sCT association efficiencies were determined that were independent of MMR: 99.52±0.09%, 99.47±0.32% and 98.09±0.81% corresponding to sCT loadings of 9.05±0.01%, 9.05±0.03% and 8.93±0.07% for NP with MMR of 10, 5 and 2.5, respectively. The percentage of sCT released within the first hour ranged between 36±10% and 40±9%, and then the rate of release decreased over time (Fig 4B). No leakage of sCT from the native dispersion (i.e. the dispersion obtained by removing non-associated sCT by ultrafiltration–centrifugation) was observed after 1, 2 or 3 days of incubation at 4 ºC, room temperature and 37 ºC. No chemical degradation of the peptide released from the NP was observed, as monitored by RP-HPLC, upon storage at 4 ºC for at least 3 days and approximately 4% was degraded when storing the dispersion at room temperature over the same period of time (data not shown). 
To ensure the complexation process with HA and chitosan did not degrade sCT, bioactivity of released sCT from NP (MMR=5) was compared to native sCT by running the cAMP assay in T47D cells. An equivalent concentration of 10 nM in NP was compared to native sCT (Fig. 4C). The cAMP-generating capacity of the sCT released from NP was 88% of native sCT, confirming that the formulation process does not damage the peptide. NP with an MMR of 5 were selected for bioassay.
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Fig. 4. A: TEM of NP (HA/CL113, MMR=5). Bar = 100 nm. B: sCT release profiles from three batches. ○: MMR = 2.5, ■: MMR = 5,  Δ: MMR = 10. sCT theoretical loading concentration was 100 µg/ml. C: In vitro bioactivity of sCT-containing NP compared to native sCT in T47D cells. 10nM sCT represents maximal efficacy for sCT and this concentration was present in NP. Basal cAMP levels ranged from 4–8 pM and maximal cAMP levels ranged from 800–1000 pM, as generated by forskolin (10µM). *p<0.05 versus sCT. Mean ±SEM, N = 3 each group. 

3.3 NR4A mRNA is elevated in inflamed ankles from K/BxN mice and I.P. administration of Dex reduces both NR4A2 expression and inflammation 
Total RNA was isolated from the inflamed ankle joints of mice at Day 7 following K/BxN serum transfer to quantify NR4A1-3 mRNA levels. NR4A1, NR4A2 and NR4A3 mRNA were over-expressed compared to expression levels in naive mice (Fig 5). 
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Fig. 5. NR4A mRNA expression in ankle joints of K/BxN serum-induced mice compared to naïve mice at Day 7 after  I.P. serum transfer administered at Day 1 and Day 3.   A: NR4A1, B: NR4A2, C: NR4A3. **p<0.01 and ***p<0.001 versus naïve. Mean ± SEM of 5 mice for each group.
A reduction in paw volume (Fig.6A) and an improvement in overall clinical score (Fig.6B) were observed within 24 h following daily I.P. injections of 30µg Dex from Day 2-5, compared to untreated K/BxN mice; Improvements in both parameters were sustained to Day 7. Dex significantly reduced NR4A2 mRNA expression in K/BxN mice compared to mice with untreated inflammation at Day 7 (Fig. 6C). Histology analysis of ankle sections from each group at Day 7 also showed that Dex rendered joint appearance comparable to naïve, with preserved bone and prevention of synovitis infiltration (Fig.6D).

[image: image5]
Fig.6. Inflammation was induced by K/BxN serum I.P. injection on day 1 and day 3.  Dex or controls were administered daily by I. P. from day 2 (arrow) to Day 5. A: Paw volume, B: clinical score.  Groups (Mean ± SEM of 5 mice): (() Dex, 30μg, (□) serum, (() naïve. Comparison between Dex and serum: *p<0.05, **p<0.01 and ***p<0.001.  C:  Dex reduced NR4A2 mRNA expression compared to serum control at Day 7. ***p<0.001 versus serum-treated.  D: Representative histology analysis of ankle joints at Day 7 by H & E (i) naive, (ii) serum, (iii) Dex.  CE: cartilage erosion,   BE: bone erosion and PF: pannus formation. Bar = 50 (m. 
3.4 I.A. administration of NP reduces inflammation in K/BxN serum-treated mice
Mice exposed to K/BxN serum were used to assess potential reduction in knee inflammation following I.A. delivery of NP. Mice developed a clinical score >1 in at least one paw within 24 h of serum transfer. Drug treatments were injected by the I.A. route into the right knee at Day 2, while PBS (internal control) was injected into the left knee of the same mouse. A reduction in knee inflammation was noted with the NP compared to PBS in the same mouse (Fig. 7). 
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Fig. 7. Inflammation was induced by I.P. injection of K/BxN serum on day 1. On day 2, one single I.A. injection was administered to each hind knee.  A: NP, right knee, B: PBS, left knee of same mouse.
NP delivered by a single I.A. injection reduced the swollen knee diameter over time compared to PBS (Fig. 8A).  While sCT reduced knee diameter, better and comparable reductions in swelling were seen with NP and Dex, noting that the sCT dose was the same. The overall clinical score was unchanged by any treatment as that refers to all four paws, for which three were untreated (Fig. 8B) and this emphasises that the reduction in knee diameter was a local effect. The sCT, NP and Dex groups reduced NR4A2 expression, however the effect of NP was superior to sCT (Fig. 8C).  The right hand panels of Fig. 9A show histology of right knee joints that received different treatments by I. A. The left hand panels show histology of matching left knees from mice injected with PBS (controls). The naive group displays a healthy knee, whereas the remaining serum-induced groups show severe cartilage and bone destruction, and synovitis. 

[image: image7]
Fig. 8. Inflammation was induced by I.A. injection of K/BxN serum on day 1. Treatments were administered once on day 2.  NP delivered by the I.A. route reduced knee diameter and NR4A2 expression in K/BxN mice. A: Knee diameter. (PBS, □ sCT (0.2µg), ( NP (0.2 µg), ( dex (0.2 µg). Naïve not included as diameter not increased per se.  B: Clinical score.  Symbols as for A, but with '(, naïve'  included.  *** P< 0.001 comparing NP to PBS. C: NR4A2 mRNA ankle joint expression at Day 5. *p<0.05, **p<0.01 and ***p<0.001 versus PBS. Mean ± SEM of N=5 mice in each group.
Preservation of bone architecture was seen with each of sCT, NP and Dex as determined by histology score compared to PBS (Fig. 9A, B). NP therefore preserved bone and cartilage and reduced synovitis infiltration damage compared to controls and was the most effective of the three treatments. 

[image: image8] 
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Fig. 9. Representative sections of knee joints from K/BxN mice stained with H&E at Day 5. A: left knees were injected with PBS (I.A); right knees injected with treatments (I.A) on Day 2. Concentrations as for Fig. 8.  CE: cartilage erosion. PF: pannus formation. B: Knee section scoring. No treatment: (left knee, white columns).  Treatment:  (right knee, black columns). *p<0.05 and **p<0.01 versus PBS.  Mean ± SEM of 5 mice in each group. Bar = 60µm.
Sections of injected knee joints were then stained with Safranin O (Fig.10). In comparison to control and sCT, both Dex and NP induced darker staining consistent with improved bone and cartilage histology (Fig. 10 D, E).

[image: image10]
Fig. 10. Cartilage analysis of knee joints from K/BxN mice stained with Safranin O  following the I.A. protocol. A: Naive, B: PBS, C: sCT, D: NP, E: Dex.  Cartilage (CT), cartilage erosion (CE) and synovitis and cellular infiltration (S). Bar = 10 (m.
4. Discussion
Both sCT and HA, individually and in combination reduced mRNA expression of NR4A1-3, and as well as selected MMPs in a range of human cell lines including chondrocytes, synoviocytes, and monocytes. The combined effect on down-regulation of PGE2 and IL-1β induced NR4A2 was comparable to Dex, for which such an effect in primary adrenal and synoviocyte cells is well established [45, 46].  By formulating sCT and HA into a 100-200nm NP using chitosan, a reduction in swollen knee diameter was seen when administered to the K/BxN inflammatory arthritis mouse model by a single I.A. injection. Importantly, the reductions in diameter and preservation of cartilage and bone caused by the NP were equivalent to Dex and superior to native sCT at the same I.A. dose level. Increased expression of NR4A2 was also demonstrated for the first time in the inflamed ankles of mice exposed to K/BxN serum. The pattern of NR4A1- 3 transcript levels is also consistent with data from human RA and OA synovial tissue [47]. In separate studies, K/BxN serum-induced NR4A2 ankle expression was inhibited by Dex (I.P., I.A.), as well as by sCT and the NP (both I.A.).  A relationship between NR4A2 expression and inflammation was therefore evident in the mouse model and, along with MMPs, the orphan nuclear receptor family seems to be a common target regulated by both steroids and sCT, ultimately mediating trans-repression by preventing transcription factor binding within promoter regions acting at DNA binding domains [46].   NR4A subfamily members are aberrantly expressed in atherosclerotic lesions and psoriatic skin [28], and they are associated with cytokine signalling in macrophages and T cells [26, 27, 48]. 

There is renewed interest in sCT in part due to its potential benefit in OA 


[20] ADDIN EN.CITE . Aside from its well-known anti-resorptive actions in OP, most evidence of analgesic activity is derived from clinical studies in tumour metastasis [49], Paget’s disease [50], osteoporosis fracture [51] and prospective double-blind studies to relieve pain 


[52, 53] ADDIN EN.CITE . In relation to OA potential, sCT reduced cartilage erosion and protected joints against glycosaminoglycan loss in experimental rodent OA [54]. Consistent with the inhibitory effects of sCT on MMP mRNA production in human chondrocytes and differentiated monocytes in the current study, others have also shown a capacity for sCT to down-regulate MMP activity, accompanied by blockade of collagen degradation in articular chondrocytes exposed to TNFα and oncostatin M [55].  Studies have also found that calcitonin has both anti-catabolic and anabolic effects in cartilage, through attenuating proteoglycan and collagen type II degradation as well as by inducing their synthesis [56]. Recently, the anterior cruciate ligament transaction dog  model was used to show that sCT reduced sub-chondral bone resorption and trabecular thinning [57], both likely to be crucial factors in preventing cartilage erosion.  Although sCT is marketed as an injectable and nasal spray for OP, its short t½ means that frequent dosing is required. An oral sCT formulation using pH-dependent polymer coated capsules co-entrapped with citric acid successfully negotiated a Phase III trial for OP [22]. It seems that the challenges for a successful oral sCT for OA seem more difficult than for OP, perhaps because the mechanism of action or relative efficacy of sCT is different in each condition. Some positive data however was achieved in a Phase I oral sCT OA trial using tablets containing a surfactant permeation enhancer:  reductions were detected in urine C- terminal telopeptide of collagen Type II, resulting from decreases in cartilage production of MMP-3 and 13 [58], 

I.A. delivery of sCT in a nanoparticle format on the other hand may offer higher concentrations for local effects in OA.  The capacity of HA to reduce NR4A expression, reported here for the first time, was similar to sCT and provided additional rationale for combining the two agents in a delivery system where anti-inflammatory benefit could be expected from both.  Indeed, reports of HA-based formulations for I.A. delivery to knee joints with OA are emerging including cationically-substituted dextrans which form cross-linked hydrogels with synovial fluid HA [59] and poly(D,L-lactic acid) (PLA) or poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles covered by chemically-esterified HA [60]. Chitosan was the final component of our NP as the formulation requires a cationic polymer to facilitate the interaction between sCT and HA [36]. The concentration of chitosan is much lower than HA in the NP and its relevance to anti-inflammatory and bone preservation effects is unlikely to be very significant, however its potential as a microsphere carrier for COX-2 inhibitors for I.A. delivery to rats has already been demonstrated [61].  HA has recently been combined with chitosan to form an NP that delivered genes into chondrocytes [62], and also with methacrylated glycol chitosan in an injectable hydrogel which increased deposition of cartilaginous extracellular matrix [63], so there is ample evidence of useful properties of both HA and chitosan in combined particulate formats.
The feasibility of a polymeric NP comprising approved biomaterials with established safety profiles, along with an approved bioactive (sCT) delivered in a single I.A. injection to the K/BxN mouse was assessed on reducing knee diameter and the clinical score of the ankle joint. Histology of the knee joint showed that the NP preserved bone and cartilage and reduced synovitis infiltration damage compared to controls. The NP were superior to free sCT in cartilage preservation showing that formulation of the peptide into an NP improves efficacy. Important features of the NP are the high loading efficiency of a hydrophilic payload, along with a relatively simple scalable non-sedimenting formulation process that avoid cross-linking agents and which can be applied to other potential labile payloads.  In addition to no evidence of any in vitro cytotoxicity, substitution of chitosan chloride with chitosan glutamate leads allows charge manipulation and entrapment of payloads with either positive or negative charges at different pH values [36].  

There are some aspects in the study that warrant further investigation:  the actual joint residence times of both the NP and sCT need to be determined by in vivo fluorescence methods [59], and the sCT release rate from NP may need to be optimized and matched to the pharmacodynamic effect so that an I.A. injection lasting several months can be designed. Furthermore, due to limited availability of KBxN serum from the batch, we could not examine the differences between the NP and HA in vivo and need additional studies to ascertain the relative contributions to the resolution of inflammation by sCT and HA.  The K/BxN model was originally designed as a model to mimic acute inflammation processes in RA joints [64], and it has not been used to screen anti-inflammatory molecules in this kind of study before, so it will be interesting to compare it under efficacy criteria to the established collagen-induced arthritis model of chronic joint inflammation [65]. It will also be informative to compare NP efficacy in a sheep model of OA [66] and in equine OA [67] as possible routes to eventual human trials.  
5. Conclusions
sCT alone and in combination with HA reduced activation of NR4A and MMPs in a range of cell lines. When formed into an NP, it reduced inflammation and preserved bone and cartilage architecture in a murine model of acute inflammatory arthritis, an effect associated with a down-regulated expression of NR4A in affected joints.  If the formulation can be optimised and anti-inflammatory capacity confirmed in different animal models of inflammatory arthritis and OA, it may have potential to be a long acting I.A. injection with a more favourable risk-benefit profile than current options. 
Acknowledgments

This study was funded by Science Foundation Ireland (SFI) grants:  Strategic Research Cluster Grant 07/SRC/B1154 (Irish Drug Delivery Network), SFI Short Term Travel Fellowship 07/SRC/B1154 STTF 09, and SFI TIDA 11/B2006.  It was also supported by the The William Harvey Research Foundation.  We would like to acknowledge Ms Rita Jones from the William Harvey Research Institute for technical support.
References 

[1] D.L. Scott, F. Wolfe, T. W. Huizinga, Rheumatoid arthritis, Lancet, 376 (2010) 1094-1108.

[2] D. L. Scott, Biologics-based therapy for the treatment of rheumatoid arthritis, Clin. Pharmacol. Ther. 91(2012) 30-43.
[3] J. N. Hoes, J. W. Jacobs, F. Buttgereit , J. W. Bijlsma,  Current view of glucocorticoid co-therapy with DMARDs in rheumatoid arthritis, Nat. Rev. Rheumatol. 6, (2010) 693-702.

[4] G.L. Matthews, D.J. Hunter, Emerging drugs for osteoarthritis. Expert Opin. Emerg. Drugs, 16 (2011) 479-491.
[5] X. Ayral, M. Dougados, V. Listrat, J.P. Bonvarlet, J. Simonnet, B. Amor, Arthroscopic evaluation of chondropathy in osteoarthritis of the knee, J. Rheumatol. 23 (1996) 698-706.

[6] G. Verbruggen, Chondroprotective drugs in degenerative joint diseases.  Rheumatology 45 (2006) 129-138. 
[7] H.A. Wieland, M. Michaelis, B.J. Kirschbaum, K.A. Rudolphi, Osteoarthritis - an untreatable disease? Nat. Rev. Drug Discov 4 (2005) 331-344. 

[8] N. Gerwin, C. Hops, A. Lucke, Intraarticular drug delivery in osteoarthritis. Adv. Drug Deliv. Rev. 58 (2006) 226-242.
[9] K. Masuhara, T. Nakai, K. Yamaguchi, S. Yamasaki, Y. Sasaguri, Significant increases in serum and plasma concentrations of matrix metalloproteinases 3 and 9 in patients with rapidly destructive osteoarthritis of the hip. Arthritis Rheum 46 (10) (2002) 2625-2631.

[10] I. Tchetverikov, L.S. Lohmander, N. Verzijl, T.W. Huizinga, J.M. TeKoppele, R. Hanemaaijer, J. DeGroot, MMP protein and activity levels in synovial fluid from patients with joint injury, inflammatory arthritis, and osteoarthritis. Ann. Rheum. Dis. 64 (2005) 694-698.
[11] X. Chevalier, P. Goupille, A.D. Beaulieu, F.X. Burch, W.G. Bensen, T. Conrozier, D. Loeuille, A.J. Kivitz, D. Silver, B.E. Appleton, Intra-articular injection of anakinra in osteoarthritis of the knee: a multicenter, randomized, double-blind, placebo-controlled study. Arthritis Rheum 61(3) (2009) 344-352.

[12] F. De Ceuninck, M. Sabatini, P. Pastoureau, Recent progress toward biomarker identification for osteoarthritis, Drug Discovery Today, 16 (2011) 443-449.
[13] G. S. Habbib, W. Haliba, M. Nashashibi, Local effects of intra-articular corticosteroids, Clin. Rheumatol., 29 (2010) 347-356.
[14] N. Bellamy, J. Campbell, V. Robinson, T. Gee, R. Bourne, G. Wells, Viscosupplementation for the treatment of osteoarthritis of the knee. Cochrane Database Syst. Rev. 19 (2006) CD005321.
[15] N. Bellamy, J. Campbell, V. Robinson, T. Gee, R. Bourne, G. Wells, Intraarticular corticosteroid for  treatment of osteoarthritis of the knee. Cochrane Database Syst. Rev. 19 (2006) CD005328.
[16] G. S. Habib, Clin. Rheumtol., Systemic effects of intra-articular corticosteroids, 28 (2010) 749-756.
[17] T. Conrozier, X.  Chevalier, Long term experience with Hylan® GF-20 in the treatment of knee osteoarthritis, Expert Opin. Pharmacother., 9 (2008) 1797-1804.
[18] N. Hiraoka N, K. A. Takahashi, Y. Arai, K. Sakao, O. Mazda, T. Kishida, K. Honjo, S. Tanaka, T. Kubo, Intra-articular injection of hyaluronan restores the aberrant expression of matrix metalloproteinase-13 in osteoarthritic subchondral bone.  J Orthop Res. 9 (2011) 354-360.
[19] M. J. Maricic,  Oral calcitonin.  Curr. Osteoporos. Rep. 10 (2012) 80-85.

[20] B.C. Sondergaard, H. Wulf, K. Henriksen, S. Schaller, S. Oestergaard, P. Qvist, L.B. Tanko, Y.Z. Bagger, C. Christiansen, M.A. Karsdal, Calcitonin directly attenuates collagen type II degradation by inhibition of matrix metalloproteinase expression and activity in articular chondrocytes. Osteoarthritis Cartilage, 14(8) (2006) 759-768.
[21] M. Esenyel, A. Içağasıoğlu, C. Z. Esenyel C.Z., Effects of calcitonin on knee osteoarthritis and quality of life. Rheumatol Int. (2012) [Epub ahead of print] PMID:22453526.
[22] N. Binkley, M.  Bolognese, A. Sidorowicz-Bialynicka, T. Vally, R. Trout, C. Miller, C. E. Buben, J. P. Gilligan, D. S. Krause,D.S., 2012. A phase 3 trial of the efficacy and safety of oral recombinant calcitonin: The Oral Calcitonin in Postmenopausal Osteoporosis (ORACAL) trial. J.Bone Miner.Res. 27, 1821-1829.

[23] K. Wang, Y-J Y. Wan, Nuclear receptors and  inflammatory diseases, Exp. Biol. Med. 233 (2008) 496-506.

[24] J. A. Ralph, A. N. McEvoy, D. Kane, B. Bresnihan, O. Fitzgerald, E. P. Murphy, Modulation of orphan nuclear receptor, NURR1, expression by methotrexate in human inflammatory joint disease involves adenosine A2A receptor-mediated responses, J.  Immunology, 175 (2005) 555-565. 

[25] K. Mix,  G.  Mukundan, H. Al-Mussawir, S. B. Abramson, C. E. Brinckerhoff, E. P. Murphy, Transcriptional regulation of matrix metalloproteinase gene expression by the orphan nuclear receptor NURR1 in cartilage.  J. Biol. Chem. 282 (2007) 9492-9504. 
[26] L. Pei, A. Castrillo, P. Tontonoz,, Regulation of macrophage inflammatory gene expression by the orphan nuclear receptor Nur77. Mol. Endocrinol. 20, (2006) 786-794.
[27] L. Pei, A. Castrillo, M. Chen, A. Hoffmann, P. Tontonoz, Induction of NR4A orphan nuclear receptor expression in macrophages in response to inflammatory stimuli. J. Biol. Chem. 280, (2005) 29256-29262.
[28] J. McMorrow, E. P., Murphy EP. Inflammation: a role for NR4A receptors. 

Biochem. Soc. Trans. 39 (2011) 688–693. 

[29] J. A. Menshol, K. E. Mix, C. E. Brinchkerhoff, Matric metalloproteinases as therapeutic targets in arthritic diseases:  bull's eye or missing the mark?, Arthritis and Rheumatism, 46 (2002) 13-20.

[30] H. M. Burt, A. Tsallas, S. Gilchrist, L. S. Liang, Intra-articular drug delivery systems: Overcoming the shortcomings of joint disease therapy. Expert Opin. Drug Deliv. 6 (2009) 17-26.

[31] S. H. R. Edwards, Intra-articular drug delivery: the challenge to extend drug residence time within the joint, Veterinary J. 190 (2011) 15-21.
[32] T.H. E. Horisawa, S. Kawazoe, J. Yamada, H. Yamamoto, H. Takeuchi, Y. Kawashima, Prolonged anti-inflammatory action of DL-lactide/glycolide copolymer nanospheres containing betamethasone sodium phosphate for an intra-articular delivery system in antigen-induced arthritic rabbit. Pharm. Res. 4 (2002) 403-410.

[33] L.S. Liang, W. Wong, H.M. Burt, Pharmacokinetic study of methotrexate following intra-articular injection of methotrexate loaded poly(L-lactic acid) microspheres in rabbits. J. Pharm. Sci., 94 (2005) 1204-1215.

[34]  P. A. Monach, D. Mathis, C. Benoist, Animal models for autoimmune and inflammatory disease, Current Protocols in Immunol. Suppl. 81 (2008) 15.22.1-15.22.12.

[35] C. A. Christianson, M. Corr, T. L. Yaksh, C. I. Svensson, K/BxN serum transfer arthritis as a model of inflammatory joint pain. In:  Pain Research:  Methods and Protocols, Methods in Molecular Biology, 851 (2012), 249-260. Ed. Luo, D. Z. Springer, New York.
[36] A. Umerska, K.J. Paluch, I. Inkielewicz-Stępniak, M.J. Santos-Martinez, O.I. Corrigan, C. Medina, L. Tajber, Exploring the assembly process and properties of novel crosslinker-free hyaluronate-based polyelectrolyte complex nanocarriers. Int. J. Pharm. 436  (2012) 75-87.

[37] S.M. Ryan, X. Wang, G. Mantovani, C.T. Sayers, D.M. Haddleton, D.J. Brayden, Conjugation of salmon calcitonin to a combed-shaped end functionalized poly(poly(ethylene glycol) methyl ether methacrylate) yields a bioactive stable conjugate. J. Control. Release 135 (2009) 51-59.
[38] S.B. Fowler, S. Poon, R. Muff, F. Chiti, C.M. Dobson, J. Zurdo, Rational design of aggregation-resistant bioactive peptides: re-engineering human calcitonin, Proc. Natl. Acad. Sci. U S A. 102 (2005) 10105-10110.

[39] P. I. Bonta, C. M. van Tiel, M. Vos, T. W. Pols, J. V. van Thienen, V. Ferreira, E. K. Arkenbout, J. Seppen, C. A. Spek, T. van der Poll, H. Pannekoek, C. J. de Vries, Nuclear receptors Nur77, Nurr1, and NOR-1 expressed in atherosclerotic lesion macrophages reduce lipid loading and inflammatory responses. Arterioscler. Thromb. Vasc. Biol.  26 (2006) 2288-2294.

[40] C. A. Wyatt, C. I. Coon, J. J. Gibson, C. E. Brinckerhoff, Potential for the 2G single nucleotide polymorphism in the promoter of matrix metalloproteinase to enhance gene expression in normal stromal cells.Cancer Res. 62 (2002) 7200–7202.
[41]. P. J. Koshy, C. J. Lundy, A. D.  Rowan, S. Porter, D. R. Edwards, A. Hogan, I. M. T. E. Cawston, The modulation of matrix metalloproteinase and ADAM gene expression in human chondrocytes by interleukin-1 and oncostatin M: a time-course study using real-time quantitative reverse transcription-polymerase chain reaction.  Arthritis Rheum. 46, (2002) 961–967. 

[42] L. C. Chao, Z. Zhang, L. Pei, T.Saito, P. Tontonoz, Paul F. Pilch, Nur77 coordinately regulates expression of genes linked to glucose metabolism in skeletal muscle. Mol.  Endocrinol. 21(2007):2152–2163.
[43] P.A. Monach, P. A. Nigrovic, M. Chen, H. Hock, D. M. Lee, C. Benoist, D. Mathis, Neutrophils in a mouse model of autoantibody-mediated arthritis: critical producers of Fc receptor gamma, the receptor for C5a, and lymphocyte function-associated antigen 1 Arthritis Rheum. 62 (2010) 753-764.
[44] H.B. Patel, K. N. Kornerup, A. L. F. Sampaio, F. D’Acquisto, M. P. Seed, A. P. Girol, M. Gray, C. Pitzalis, S. M. Oliani, M. Perretti, The impact of endogenous annexin A1 on glucocorticoid control of inflammatory arthritis. Ann. Rheum. Dis. 71 (2012) 1871-1880.
[45] E. P. Murphy, O. M., Conneely Neuroendocrine regulation of the hypothalamic pituitary adrenal axis by the NURR1/NUR77 subfamily of nuclear receptors. Molecular Endocrinology 16, (1997) 39-47. 

[46] E. P. Murphy, A. McEvoy,  O. M. Conneely, B. Bresnihan, O. Fitzgerald,
Involvement of the nuclear orphan receptor NURR1 in the regulation of corticotropin releasing hormone expression and actions in human inflammatory arthritis. Arthritis and Rheumatism 44 (2001) 782-793. 
[47] K. S. Mix, K. McMahon, J. P. McMorrow, D. Walkenhorst, A. M. Smyth, B. L. Petrella, M. Gogarty, U. Fearon, D. Veale D, M. G. Attur, S. B. Abramson, E. P.  Murphy, Orphan nuclear receptor NR4A2 induces synoviocyte proliferation, invasion, and MMP-13 transcription.  Arthritis and Rheumatism 64 (2012) 2126-2136. 

[48] C. K. Glass, K. Saijo, Nuclear receptor transrepression pathways that regulate inflammation in macrophages and T cells. Nat. Rev. Immunol. 10 (2010) 365-376.
[49] D. Lussier, A.G. Huskey, R.K. Portenoy, Adjuvant analgesics in cancer pain management. Oncologist 9  (2004) 571-591.

[50] H.S. Grunstein, P. Clifton-Bligh, S. Posen, Paget's disease of bone: experiences with 100 patients treated with salmon calcitonin. Med. J. Aust. 2  (1981) 278-280.

[51] G.P. Lyritis, N. Tsakalakos, B. Magiasis, T. Karachalios, A. Yiatzides, M. Tsekoura, Analgesic effect of salmon calcitonin in osteoporotic vertebral fractures: a double-blind placebo-controlled clinical study. Calcif. Tissue. Int. 49 (1991) 369-372

[52] Z. Gabopoulou, A. Vadalouca, K. Velmachou, C. Karanastasi, A. Van Zundert, Epidural calcitonin: does it provide better postoperative analgesia? An analysis of the haemodynamic, endocrine, and nociceptive responses of salmon calcitonin and opioids in epidural anesthesia for hip arthroplasty surgery. Pain Pract. 2 (2002) 326-331.

[53] J.A. Knopp-Sihota, C.V. Newburn-Cook, J. Homik, G.G. Cummings, D. Voaklander, Calcitonin for treating acute and chronic pain of recent and remote osteoporotic vertebral compression fractures: a systematic review and meta-analysis. Osteoporos Int. 23 (2012) 17-38

[54]  J. E. Badurski, W. Schwamm, J. Popko, L. Zimnoch, F. Roqowski, J. Pawlica  Chondroprotective action of salmon calcitonin in experimental arthropathies. Calcif. Tissue Int. 49 (1991) 27–34.
[55] B. C. Sondergaard, H. Wulf, K. Henriksen, S. Schaller, S. Oestergaard, P. Qvist, L. B. Tankó, Y. Z. Bagger, C. Christiansen, M. A.  Karsdal, Calcitonin directly attenuates collagen type II degradation by inhibition of matrix metalloproteinase expression and activity in articular chondrocytes. Osteoarthritis Cartilage 14 (2006) 759–768.
[56]  B. C. Sondergaard, S. H. Madsen, T. Segovia-Silvestre, S. J.  Paulsen, T. Christiansen, C. Pedersen, A-C. Bay-Jensen, M. A Karsdal, Investigation of the direct effects of salmon calcitonin on human osteoarthritic chondrocytes. BMC Musculoskeletal Disorders 11 (2010) 62-72.
[57] D.H. Manicourt, M. Azria, L. Mindeholm, E.J. Thonar, J.P. Devogelaer, Oral salmon calcitonin reduces Lequesne's algofunctional index scores and decreases urinary and serum levels of biomarkers of joint metabolism in knee osteoarthritis. Arthritis Rheum 54(10) (2006) 3205-3211.
[58] M. A. Karsdal, I. Byrjalsen, K. Henriksen, B. J. Riis, E. M. Lau, M. Arnold,  C. Christiansen, The effect of oral salmon calcitonin delivered with 5-CNAC on bone and cartilage degradation in osteoarthritic patients: a 14-day randomized study. Osteoarthritis Cartilage. 18 (2010) 150-159.

[59] M. Morgen,  M, D. Tung, B. Boras, W. Miller, A. M. Malfait, M Tortorella, Nanoparticles for improved local retention after intra-articular injection into the knee joint. Pharm.  Res. 30 (2013) 257-268.
[60] H. Zille, J. Paquet, C. Henrionnet, J. Scala-Bertola, M. Leonard, J. L. Six, F. Deschamp, P. Netter, J. Vergès. P. Gillet, L. Grossin, Evaluation of intra-articular delivery of hyaluronic acid functionalized biopolymeric nanoparticles in healthy rat knees.  Biomed Mater Eng. 20 (2010) 235-242.
[61] H. Thakkar, R. K. Sharma, A. K. Mishra, K. Chuttani, R. S. Murthy ,
Celecoxib incorporated chitosan microspheres: in vitro and in vivo evaluation. J. Drug Target. 12 (2004)5 49-557.
[62] H. D. Lu, H. Q. Zhao, K. Wang K, L.L. Lv.Novel hyaluronic acid-chitosan nanoparticles as non-viral gene delivery vectors targeting osteoarthritis. Int J Pharm. 420 (2011) 358-365.
[63] H. Park H, B.Choi, J. Hu, M. Lee, Injectable chitosan hyaluronic acid hydrogels for cartilage tissue engineering. Acta Biomater. (2012) pii: S1742-7061(12)00409-6. doi: 10.1016/j.actbio.2012.08.033.
[64] M. M. Matzelle, M. A. Gallant, K. W. Condon, N. C. Walsh, C. A. Manning, G. S. Stein, J. B. Lian, D. B. Burr, E. M. Gravallese, Resolution of inflammation induces osteoblast function and regulates the Wnt signaling pathway.  Arthritis Rheum. 64 (2012) 1540-1550. 
[65] Rosloniec, E. F., Cremer, M., Kang, A. H., Myers, L. K. Brand,   D. D.  Collagen-induced arthritis. Current Protocols in Pharmacology (2010) Suppl. 89, 15.5.1-15.5.25.
[66] S. H. R. Edwards, M. Cake, G. Spoelstra, R. A. Read,  (2007). Biodistribution and clearance of intra-articular liposomes in a large animal model using a radiographic marker. J.  Liposome Research 17 (2007) 249-261.
[67] R. Labens, D J. Mellor, L. C. Voute,  Retrospective study of the effect of intra-articular treatment of osteoarthritis in the distal tarsal joints in 51 horses.  Vet. Record 161 (2007) 611-616. 

 
A





B





C





***





***





***





***





***





***





**





**





**





*





**





**




















21

[image: image14.png]


[image: image15.png]T
Q

o H .

o o o o o
< @ N -

uoissaidxa Zy N

B

o N s s |
S ® © <+ &N o
=4

12

3109g [e2alul])

ok
T
4

<

18jawielp 8suy Ul UoLINPayY %

Day

Day



[image: image16.png].
T
‘

o

o o o =)
=3 @ « -

uoissaidxa ZyyyN aAleey

HEE kkk KRR

[=2]

~
&

Too®NevTMmNTO
-

81098 [e2|uD)

*
*
*

*
*

ok

() swnjop




[image: image17.png]


[image: image18.emf]SFM

2

PGE

2

sCT + PGE

2

HA + PGE

2

sCT:HA + PGE

2

Dex + PGE

0

20

40

60

80

100

Relative NR4A2 expression

SFM

2

PGE

2

sCT + PGE

2

HA + PGE

2

sCT:HA + PGE

2

Dex + PGE

0

10

20

30

40

50

Relative NR4A2 expression

SFM 

IL-1



sCT + IL-1



HA + IL-1



sCT:HA + IL-1



Dex + IL-1

0

10

20

30

40

50

Relative NR4A2 expression

