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Preface

Pentosan polysulfate (PPS) is a Beechwood-derived hemicellulose semisynthetic
compound which manufactured from sulfate esterification of the sugar ring hydroxyl
groups (Burkhardt and Ghosh, 1987). PPS is a mean molecular weight (MW) of 5700 Da
carbohydrate polymer (Fig. 1) and classified as a disease modifying osteoarthritis drug
(DMOAD) because of its ability to preserve the integrity of articular cartilage and bone
while improving the quality of joint synovial fluid (Burkhardt and Ghosh, 1987; Ghosh
et al., 1992; Ghosh, 1999). Pentosan is able to improve anabolic activity of chondrocytes
and fibroblasts while mitigating catabolic events associated with obliteration of the
cartilage extracellular matrix (Ghosh, 1999). The chondroprotective activity of PPS has
been demonstrated by stimulating proteoglycan synthesis in rat, rabbit and canine models
of osteoarthritis (OA) (Ghosh et al., 1992; Ghosh, 1999). Further, hyluronan synthesis is
restored when cells were incubated with PPS in vitro or with intra-articular injection into
joints of OA patients (Ghosh, 1999). PPS has been available for over 40 years as an anti-
thrombotic agent (Vinazzer, 1989; Joffe, 1976) and later identified it as anti-
inflammatory agent, leading to use as a treatment for interstitial cystitis (Anger et al.,

2011; Hanno et al., 2011).
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Fig. 1 Molecular structure of pentosan polysulfate



Currently Injectable PPS forms also are used to treat osteoarthritis in veterinary medicine
(Cartrophen Vet® injection, PPS - 100 mg/mL; Biopharm Australia, Bondi Junction,
NSW, Australia) (Kwan et al., 2012; Mcllwraith et al., 2012).

One important difference between OA and rheumatoid arthritis (RA) is the massive
inflammation seen in RA (Quvist et al., 2008). But chronic form of OA are progressively
viewed as an inflammatory disease and “wear and tear disease” which starts through the
growth of blood vessels and nerves from the subchondral bone into articular cartilage
(Mobasheri, 2013). Rheumatoid arthritis is a chronic inflammatory disease that affects
approximately 0.5 to 1 percent of the general population worldwide. It reasons joint
destruction and significant debilitating morbidity and impairment in the quality of life of
the patients by causing economic cost due to both health care expenditure and lost
productivity (Firestein et al., 2005). The key characters of the inflammation related
arthritis are progressive joint inflammation and destruction of marginal and sub chondral
bone in the joint, deformity, loss of mobility, systemic manifestations and severe pain
which ultimately impede basic motility functions (Walsh et al., 2014; Taylor et al.,
2016).

Similar as many other forms of arthritis, RA is initially characterized by an
inflammatory response of the synovial membrane, including hyperplasia, increased
vascularity and infiltration of inflammatory cells, primarily antigen-driven CD4+ T cells
(Quan et al., 2008). Cell to cell interaction and production of cytokines activate
monocytes, macrophages and synovial fibroblast to produce the several pro-
inflammatory cytokines, tumor necrosis factor-alpha (TNF-a), interleukin (IL) 6, 17
which appear to play a crucial role in the pathogenesis of RA (Mclnnes and Schett, 2007;
Firestein, 2003) (Fig. 2). Other than above mentioned cytokines, many other cytokines,

chemokines and angiogenic factors are also present in the inflamed synovium. They



trigger signal transductions pathways of cells and initiate the activation of transcription
factors and variety of genes those are responsible for trigger the inflammation, tissue
degradation and bone erosion (Quan et al.,, 2008). Bone erosion is a key outcome
measure in RA and mainly happens via osteoclast (OC) secreted acids and cathepsin K
(CTK) (Quan et al., 2008; Schett and Gravallese, 2012). Osteoclast generates from
monocytes/macrophage lineage and differentiates within synovial membrane and plays

critical role at inflammatory conditions (Redlich et al., 2002).
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Fig. 2 Cellular interactions and cytokines playing significant role in the
pathogenesis of rheumatoid arthritis. Cytokines and some immune cells are depicted as

potential targets for novel therapies of inflammatory and immune-mediated diseases (Brennan
and Mclnnes, 2008).

Synovium is a soft tissue lining the spaces of diarthrodial joints, tendon sheaths and
bursae. It includes the continues surface layer of cells called intima which composed of
macrophages and fibroblasts while the underlying tissue, sub intima includes blood and

lymphatic vessels, a cellular content of both resident fibroblasts and infiltrating cells in a
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collagenous extracellular matrix (Smith, 2011). The major functions of synovial
membrane (SM) are maintenance of an intact non-adherent tissue surface, lubrication of
cartilage, control of synovial fluid volume and composition and nutrition of
chondrocytes within joints. Synovial joints are involved in a number of immunological
and inflammatory disorders, including RA as well as synovium plays major role of
pathology in such condition (Smith, 2011). The principle structure and cause of bone
erosion is the pannus, which is found at the interface of bone, cartilage (Paleolog, 2002).
After activation of synoviocytes through TNF-a, IL-1 and IL-6, secrete matrix
metalloproteinase (MMP) in to synovial fluid and cause cartilage degradation (Smolen
and Steiner, 2003; Smolen et al., 2007). Chondrocytes are also activated by cytokines,
leading to direct release of additional MMP into the cartilage (Smolen and Steiner, 2003;
Smolen et al., 2007).

Skeletal homeostasis is maintained by a highly regulated balance of continuous bone
remodeling that couples new bone formation by osteoblasts (OB) and bone resorption by
OC (Schwarz et al., 2006). In many pathologic conditions, such as postmenopausal
osteoporosis, RA and periodontitis, the amount of bone removed by OC exceeds that laid
down by osteoblasts and bone becomes deteriorated (Boyce et al., 2009). Osteoclasts are
multinuclear cells derived from hematopoietic stem cells (Suda et al., 1992). During the
process of osteoclastogenesis, monocytes differentiate into OC precursors (OCP) and
subsequently assume a mature multinucleated OC phenotype with bone resorption
activity (Ritchlin et al., 2003) (Fig. 3). Macrophage-driven osteoclastogenesis requires
the presence of macrophage colony-stimulating factor (M-CSF) and results from the
interaction of the receptor activator of nuclear factor kappa-B (RANK) and the RANK

ligand (RANKL) (Karsenty and Wagner, 2002; Teitelbaum, 2000). Expression of



RANKL on the OCP is regulated by pro-inflammatory cytokines such as TNF-a, IL-1,

IL-6 and IL-17 (Schett, 2007).
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Fig. 3 Stages of osteoclast differentiation from hematopoietic lineage cells. M-CSF

and RANKL are essential external stimuli for osteoclastogenesis.

RANKL binds to its receptor, RANK, on the surface of OCP activating signaling
through nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB), c-Fos
and nuclear factor of activated T cells c1 (NFATc1) to induce differentiation of OCP into
OC (Takayanagi, 2007). Further, with RANKL binding, activates signal transduction
pathways involving the adaptor protein TNF receptor-associated factor 6. Subsequently,
several kinases such as p38 mitogen-activated protein kinase (MAPK) and JUN N-
terminal kinase 1 are activated, which lead to induction of transcription via the various
hetero- and (occasionally) homodimers of the activator protein-1 (AP1) family of
proteins. This family includes the molecules FOS-related antigen 1 (FRAL), FRA2, JUN,
JUNB and JUND, as well as activating transcription factor (Wagner, 2010; Schonthaler
et al., 2011). Many of the drugs used to treat common bone diseases inhibit OC
formation or activity with several limitations (Boyce et al., 2009). The identification and

thoroughly understanding of cytokines and signaling pathways (Fig. 4) which activate in
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osteoclast, might be greatly increased our understanding of how OC formation and bone

resorption are regulated by its microenvironment.
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Fig. 4 Role of cytokines (RANKL, TNF-a, IL-1) in osteoclast differentiation.
Osteoclast phenotype under the influence of RANKL, which signals trough the
transcription factors AP1 and NFkB.

The management of patient with RA has dramatically changed last few decades.
However, the ultimate goal in managing RA is to prevent structural joint damage and
loss of function. Recent evidence suggests that early interference is essential in achieving
this goal (Breedveld, 2002). In this new management setting, more attention is given to
the differentiation between RA and other types of arthritis, particularly OA. Rapid and

appropriate management of RA or OA disease activity is needed to prevent joint damage,
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loss of function, and to maintain quality of life. Combination disease modifying anti-
rheumatoid drug (DMARD) therapy may, in this respect, provide additive effects or
allow dose reductions to avoid toxicity (Breedveld, 2002).

Many new therapeutic strategies are being investigated for RA in combination with
methotrexate, a widely used DMARD. However, because methotrexate is cytotoxic and
has serious and potentially life-threatening side effects its use cannot be justified for OA
(Mobasheri, 2013). Novel treatment options for arthritis patient are focused on relief of
pain and improvement of joint structure including analgesics, nonsteroidal anti-
inflammatory drugs (NSAID), intraarticular injections of steroids and hyaluronans (Qvist
et al., 2008). Further, NSAID reduce inflammation and pain, the most characteristic
clinical outcomes of both RA and chronic form of OA. However long-term consumption
of NSAID can cause stomach upset, cardiovascular problems, gastric bleeding and liver
and kidney damage (Mobasheri, 2013).

This realization of various adverse effects of RA and OA therapeutic strategies has
focused research effort on the development and evaluation of biological therapy that
targets proinflammatory mediators, angiogenic factors and cytokines in articular
cartilage, subchondral bone and synovium (Mobasheri, 2013). The good efficacy and
general safety of these agents is well established and generally acceptable with a slight
increase risk for infections (Chatzidionysiou, 2012). The central hallmark in the
development of OA or RA is the progressive destruction of the joint tissue, a reasonable
approach to the development of an effective medical treatment seems to be the search for
drugs with the ability to slow down this process, or maybe even arrest it completely.
These drugs, termed as DMOAD (Quist et al., 2008). Till the date, the pharmacology
industry has failed to bring effective and safe DMOAD to the human and animal

suffering from debilitating RA or OA (Quvist et al., 2008).



Rationale for the thesis

The current study reasoned that cellular changes associated with different degree of
synovitis would allow us to identify multiple differentiation capability of synovitis
derived from common knee injuries associated with dogs. We hypothesized that the dogs
with cranial cruciate ligament rupture and medial patella luxation, which carry different
inflammatory severities, would be more likely to have a varying ability of multipotency.
Comprehensive analysis of synoviocytes was carried out to speculate that the liability of
synovial membrane-derived stem cells to re-establish the imbalance between OA
catabolism and joint anabolism. Hence this study might serve as a platform for
understanding the similarities and dissimilarities of the cellularity in synovitis associated
with common knee injuries.

Inclusive clarification of osteoclast and its microenvironment were needed to classify
the role in joint destruction and enabled the development of therapies aimed at reducing
its resorptive capacity at inflammation-related arthritis. Part of this study was constructed
to investigate osteoclastogenic properties of inflammatory cytokines at different time-
points of osteoclastogenesis, in order to understand the precise mechanisms of
osteoclasts at immune-mediated bone destruction. Additionally, this study reasoned that,
in vitro and in vivo identification of action of PPS over the osteoclast and its
microenvironment at the inflammatory nature by providing a novel mechanism as an
inhibition of osteoclastogenesis and anti-arthritic. An additional aim of this work was to

identify the effect of PPS over the cell signaling molecules of osteoclasts in dogs.



CHAPTER 1

Differentiation potential of synoviocytes derived from joints with

cranial cruciate ligament rupture and medial patella luxation in dogs

1.1 Summary

The objective of this study was to assess the differentiation capability of
synoviocytes derived from dogs with inflammatory joint conditions. Cranial cruciate
ligament ruptured (CCLr) (n=12) and medial patella luxated (MPL) (n=10) knee joints of
the dogs were used to collect the SM. Synoviocytes were enzymatically released from
the SM and analyzed by flow cytometry for specific cellular markers (CD44 and CD90)
of mesenchymal stem cells (MSCs), while doing histopathology from another part of SM
sections. Under specific culture conditions, synoviocytes were forced to differentiate into
chondrogenesis, adipogenesis, osteogenesis and osteoclastogenesis to investigate the
multipotency. Upon treatments phenotypes of cell cultures were analyzed by
histopathology and by semi-quantitative reverse transcriptase polymerase chain reaction
for the expression of each differentiation marker genes. Although flow cytometry
showing similar MSCs populations in CCLr and MPL synovium, synovial cells derived
from CCLr showed higher multipotency compared to MPL-derived samples. Further,
synovial changes such as vascularity, mononuclear cell infiltration and cellular
hypertrophy were more pronounced in CCLr-derived synovial tissue than in MPL. Taken
together, these findings suggested that the differentiation capability of SM-derived
multipotent stem cells varies with inflammatory severity occurring in different joint

conditions.



1.2 Introduction

Inflammatory joint diseases leading to severe functional disability are characterized
by abnormal synovial proliferation as well as destruction of articular cartilage and bone
(Danks et al., 2002). The synovium is the central area of pathology of OA, RA (Sakkas
& Platsoucas, 2007) and other inflammatory joint diseases including canine common
knee injuries such as CCLr and MPL (Doom et al., 2008; Witsberger et al., 2008). The
study of degenerative changes of SM during pathological conditions in the joint
contributes to the understanding and establishing of therapeutic options in regenerative
medicine. During the inflammatory process, the cell population of SM is predominantly
composed of mononuclear cells and includes T and B lymphocytes, activated tartrate-
resistant acid phosphatase positive (TRAP) macrophages, major histocompatibility
complex (MHC) class 11+ dendritic cells and plasma cells (Lemburg et al., 2004; Muir et
al., 2005). Proper understanding of cellularity in synovitis could be attained through
elucidation of significant variations of microarchitecture in synovial tissue including the
thickening of the intimal layer, increased vascularity, inflammatory cell infiltration of the
sub synovial layer and the formation of multiple finger-like projections (villi) into the
joint (Smith, 2011; Smith et al., 2011).

Stem cells, which are available in different organs and tissues, are capable candidates
for the regeneration of tissue and organ systems. Mesenchymal stem cells are able to
differentiate into lineages of mesenchymal tissues such as cartilage, bone, fat, and
muscle (Branco De Sousa et al., 2014; De Bari et al., 2001). Isolation and
characterization of MSCs from canine bone marrow (BM) have been previously
described (Kisiel et al., 2012). Most of the studies have been focused on finding MSCs in

different parts of the body for medical treatment. The synovial membrane is the most
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specialized mesenchymal tissue among joint structures which, carrying resident MSCs
(Branco De Sousa et al., 2014), have the potential of multiple differentiation (De Bari et
al., 2001). Synovium is the closest tissue to articular cartilage having MSCs with higher
chondrogenic capacity comparing with that in other structures of joint (Mochizuki et al.,
2006; Sakaguchi et al., 2005) and is the only tissue that can produce hyaline cartilage in
benign conditions, suggesting that SM act as a source of cells for articular cartilage
repair (Nagase et al., 2008).

But the differentiation ability of synoviocytes in each individual case of CCLr or
MPL with erratic inflammatory severity is yet to be elucidated. To our knowledge, there
are no published studies confirming an association between synovitis and differentiation
ability of synoviocytes in canine patients. The objective of the study reported in this
chapter was to determine whether there was a relationship between the inflammation and
multipotency of the cells from SM with CCLr or MPL. We hypothesized that the dogs
with CCLr or MPL, which carry different inflammatory severities, would be more likely
to have a varying ability of multipotency. The findings of this study support the
hypothesis and suggest that pathological changes and differentiation capability of

progenitors of SM in early synovitis could vary among CCLr and MPL.
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1.3 Materials and Methods

1.3.1 Specimens

Synovial membrane samples were collected from dogs diagnosed with ruptured
cranial cruciate ligaments (n=12) and medial patella luxation (n=10) while undergoing
surgical exploration of the affected knee joint followed by surgical joint stabilization.
Apart from ligament rupture, the animals were otherwise healthy. Twenty-two skeletally-
mature, mixed small breed of genders, age 4 to 7 years (4.7 = 1.3 years) and weighing 3
to 8 kg were used for this experiment after obtaining owner consent. All dogs were
evaluated at Hokkaido University Veterinary Teaching Hospital. The use of clinical
samples and all samples from experimental dogs was in accordance with Hokkaido
University Institutional Animal Care and Use Committee guidelines (approval number:
12-0059). The medical history of each affected dog including information obtained from
both the owner and the referring veterinarian was documented. Tentative diagnosis of
CCLr was made on the basis of results of a drawer or tibial compression test in addition
to diagnosing MPL by radiography and based on palpation of an unstable knee cap. For

each dog, serum biochemical profile and urinalysis were performed.

1.3.2 Isolation and culture of synovial cells

The synoviocytes were isolated from the synovial tissue using a modification of
published protocols (Burmester et al., 1987). The synovial tissue was dissected away,
washed with Ca2+/ and Mg2+ free phosphate-buffered saline (PBS) twice and finely
minced. The minced tissue was digested with 0.2% collagenase type | (Wako pure
chemicals, Osaka, Japan) in Dulbecco’s modified eagle medium (DMEM, Invitrogen,

NY, USA) containing 10% heat-inactivated fetal bovine serum [(FBS) Nichirei
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Bioscience INC., Tokyo, Japan] and antibiotic-antimycotic solution (100 units/ml
penicillin, streptomycin and gentamycin; Wako) for 90 minutes at 37°C. After filtering
through the 70-mm cell strainer (Safar Co. Ltd., Osaka, Japan) the cell suspension (3 ml)
was layered on 4 ml of ficoll/ paque (Pharmacia Biotech, Uppsala, Sweden) and
centrifuged at 400 g for 30 minutes. The interface layer was re-suspended in 4 volumes
of DMEM and washed three times by centrifugation at 250 g for 10 minutes. The cells
were finally suspended in DMEM containing 10% FBS and seeded in (10° cells/ well)

48-well multi-well plates (Life Sciences, Oneonta, NY, USA).

1.3.3 Cytometry

Confluent monolayer primary cultured cells were washed 3 times with PBS and
harvested by treatment with Ethylene diamine tetra acetic acid (0.05% EDTA, Dojindo
institute, Tokyo, Japan) in 0.02% trypsin (Wako). After centrifugation (300 g), cell
sediment was collected and washed with PBS in micro tube (BMbio, Tokyo, Japan). This
was repeated 3 times. Aliquots of 1x10° cells suspension were incubated with rat anti-
CD44 monoclonal antibody (clone YKIX337.8.7, AbD Serotec, Kidlington, UK), rat
anti-Thy-1(CD90) monoclonal antibody (clone YKIX337.217, AbD Serotec) and
negative control, rats 1gG2b isotype (Institute of medical biological co. Ltd., Nagoya,
Japan) for 30 minutes in dark at 4° C.

After 3 times of washing with PBS, cell suspension was incubated with fluorescein
isothiocyanate (FITC) labeled anti-rat 1gG antibody (Sigma, St. Louis, MO, USA) at 4°
C in a dark place for 30 minutes. Sediment obtained in PBS suspension was filtrated
through nylon mesh (Specimen advance science and technology, Tokyo, Japan) to get

cell suspension. Flow cytometer (BD FACSVerse'™, Becton Dickinson and Co.,
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Piscatway, NJ, USA) was used for analyzing the expression of each of cell surface

antigens.

1.3.4 Invitro chondrogenesis

The in vitro chondrogenesis assay was performed as described elsewhere (De Bari et
al., 2001). Briefly, micromass cultures were obtained by pipetting 20-ul droplets of cell
suspension from SM derived monolayer culture after trypsin treatment into individual
wells of 48-well plates. The cells were allowed to attach without medium at 37° C and
then chemically defined serum-free medium was added after 3 hours (Harrison et al.,
1991). On the next day, 20 pg/ml dexamethasone, 10 ng/ml transforming growth factor
(TGF)-Bp and 50 M ascorbic acid (all from Sigma) were added to the medium while
adding identical amount of DMEM to parallel cultures as a control for treatment. After
21 days, media was removed from culture vessel, rinsed once with PBS and fixed cells
with 4% formaldehyde solution (Kanto Chemical, Tokyo, Japan) for 30 minutes. After
fixation, wells were rinsed with PBS and stained with 1% alcian blue 8 GS (Sigma) in
0.1 N HCI for 30 minutes. The wells were rinsed three times with 0.1 N HCI and added

distilled water to neutralize the acidity.

1.3.5 Invitro adipogenesis

The in vitro adipogenesis assay was performed as described in another place (Kisiel
et al., 2012). Briefly, SM-derived cells were cultured additional 5 days after 80% cell
confluence. Then adipogenic differentiation medium which was consisting of growth
medium supplemented with 1 mM dexamethasone, 0.5 mM methyl-isobutylxanthine, 10
mg/ml insulin, and 100 mM indomethacin (all from Sigma) was added to the wells. After

72 hours, the medium was changed to adipogenic maintenance medium (10 mg/ml
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insulin in growth medium) for 24 hours. Cells were treated 4 times with adipogenic
induction medium and propagated into adipogenic maintenance medium for 1 week
before fixation. After 3 weeks, cells were rinsed twice with PBS, fixed with
formaldehyde solution for 10 minutes, washed with distilled water, rinsed in 60%
isopropanol, and covered with oil red O solution (0.1% oil red O [Sigma] in 60%
isopropanol). After 10 minutes, cultures were briefly rinsed in 60% isopropanol and

washed thoroughly in distilled water.

1.3.6 Invitro Osteogenesis

The in vitro osteogenesis assay was performed as described elsewhere (De Bari et al.,
2001). Briefly, SM-derived cells were plated in growth medium at 3 x10%cm? in 6-well
tissue culture plates. From the following day onward cells were subsequently cultured for
21 days in the presence of 100 nM dexamethasone, 10 mM B-glycerophosphate, and 50
mM ascorbic acid (all from Sigma). Cells cultured in growth medium supplemented with
DMEM and 10% FBS were used as control. Alizarin red S stain was prepared by adding
(Sigma) 1 g into 100 ml of distilled water. Ammonium hydroxide 1000x dilution (Wako)
was added to adjust pH 6.4. After 21 days, medium was removed and washed with PBS
3 times. After fixation with 10% formaldehyde solution for 10 minutes, plate was
washed thoroughly by distilled water 3 times. Prepared alizarin red dye was added to the
plate and kept 15 minutes and washed by distilled water. Images were visualized under
light microscope for specific characteristics. Differentiation potential of chondrogenesis,
adipogenesis and osteogenesis according to the strength of positivity of staining for mild,
moderate and strong positivity was summerized. Cells cultured in normal growth
medium supplemented with DMEM and 10% FBS were considered as controls for all the

treatments.
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1.3.7 Invitro Osteoclastogenesis

Isolated synovial cells (10° cells /well) were seeded to 48-well multi-well plates (Life
Sciences) and cultured in the presence of 20 ng/ml recombinant human M-CSF
(Invitrogen, Frederick, MD, USA), 50 ng/ml human recombinant RANKL (Sigma) and
10 ng/ml canine recombinant TNF-a (Kingfisher Biotech, INC., St. Paul, MN, USA) for
7 days. Cultured cells were fixed in 3% formaldehyde after treating PBS containing
0.002% pronase E (Sigma) and 0.02% EDTA (pronase E solution) for 5 minutes to
remove synovial fibroblasts. Synovial cells were stained for TRAP according to the
manufacturer's instructions of commercial kit (Cosmo Bio Co., LTD, Tokyo, Japan).

Cells containing three or more nuclei were considered as OC.

1.3.8 Histopathology

After fixation in 4% formaldehyde, the biopsy specimens were embedded in paraffin,
cut in 4-um sections and stained with hematoxylin and eosin (H&E). Tissue sections
were deparaffinised and TRAP staining was performed using a commercial acid
phosphatase leucocyte kit (Sigma). Recently described comprehensive histological
system (Brenner et al., 2005a) was used with some modification as a subjective
histological grading. Briefly, SM was scored for synovial vascularity, synovial
inflammation (mononuclear cell infiltration), elastic fibrosis and synovial fibrosis for (+)

mild (1-10%), (++) moderate (11-50%) and (+++) strong (51-100%) positivity.

1.3.9 Tissue collection and RNA isolation
Total RNA was extracted from the cell culture and tissue homogenates according to
the manufacturer’s instructions. Total RNA from cells was extracted using RNeasy Mini

Kit® (QIAGEN, Germantown, MD, USA) according to the manufacture’s protocol.
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Total RNA was quantified by spectrophotometry at 260 nm. RNA with a 260/280 nm
ratio in the range 1.8-2.0 was considered high quality. Total RNA was reverse
transcribed into cDNA with M-MLV RT kit (Takara Bio, Tokyo, Japan) according to
manufacturer’s recommended procedures. RNA concentrations were determined by

spectrophotometry.

1.3.10 RT-PCR

One microgram of total RNA derived from the synovial tissue was reverse-
transcribed into cDNA with random hexamers. Specific primers were used as shown in
Table 1. PCR conditions were as follows: denaturation at 95 °C for 30 s, annealing
temperature for 1 minute, extension aaut 72 °C for 1 min for 30 cycles, and final
extension at 72 °C for 7 min. PCR products were separated on 1.5% agarose gel and

stained with ethidium bromide.

1.3.11 Real-time PCR

Quantitative real-time PCR analysis was performed with KAPA SYBR® FAST
gPCR kit (KAPA biosystems, Woburn, MA, USA). The amount of 2 pl of cDNA
template was added to each 10 pl of premixture with specific primers. The mRNA level
for the gene of interest was quantified as the percentage of that determined for

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

1.3.12 Statistical analysis
Statistical analyses were performed using SPSS software (ver. 07 for Windows;
SPSS Inc., Chicago, IL, USA). Relative gene expression of osteoclast specific genes was

represented as the means £ S.E.M. (Standard Error Mean). An appropriate post-hoc test
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was used to analyze the difference. Then comparison between groups was made by one-
way analysis of variance (ANOVA). Statistical significances were achieved when p<

0.05 (* p< 0.05).
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1.4 Results

1.4.1 Comparison of cell yield

Confluent primary monolayer culture cells were analyzed for expression of MSCs
surface markers such as CD44 and CD90. In two dogs, one had CCLr and the other MPL
strongly expressed CD44 (99.84% and 98.89%) and CD90 (86.85% and 99.46%),
respectively (Fig. 5). According to the flow cytometric analysis, the greater yield of
CD44 and CD90 positive cells were isolated from synovial cell fraction regardless the

severity of inflammation in two different conditions.

1.4.2 Differential potential of SM-derived cells

Dexamethasone and TGF B1 treated micro masses displayed dark blue images under
light microscope, indicating the synthesis of proteoglycans by chondrocytes (Fig. 6A).
Alcian blue stain, marker of chondrogenesis was appeared in varying degree between the
CCLr samples and MPL (Table 2). Different expression level of messenger RNA
(mRNA) of collagen type Il and aggrecan among CCLr and MPL, further confirmed that
the chondrogenic potential of stem cells derived from SM (Fig. 6B). Differentiation
potential of MSCs to adipocytes was confirmed by the accumulation of lipid vacuoles in
cell cytoplasm as well as expression of adipocytes phenotype (PPARY) of the tissue
generated in vitro. Lipid vesicle stained with oil red O was distinguished in CCLr
derived samples comparing with that in MPL (Fig. 7A). Spindle shaped SM-derived cells
changed their morphology to cuboidal and formed large nodules that stained for alizarin
red (Fig. 7B) with the presence of calcium deposits. Osteogenesis, evaluated by alizarin

red was obtained in all samples tested without any major difference between phenotype
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in CCLr and MPL samples. Varying degree of staining intensity for multipotency was

shown between samples from CCLr and MPL, rendering them distinguishable (Table 2).

1.4.3 Osteoclast differentiation in synovial cell populations

After incubation of synovial cell culture with RANKL, M-CSF and TNF-a cytokine,
TRAP (+) multinuclear osteoclast like cells appeared at day 7 by confirming the potential
of synoviocytes to differentiate in to osteoclasts (Fig. 8A). Detecting of RANK
expression in cultured SM cell fraction by semiquantitative RT-PCR confirmed the
ability of osteoclastogenesis from SM (Fig. 8B). Messenger RNA expression level of
osteoclast specific marker genes such as MMP9 and RANK significantly elevated (p<
0.05) in CCLr-derived samples (Fig. 8C). However, there was not significant difference

in mMRNA expression of carbonic anhydrase and CTK between CCLr and MPL.

1.4.4 Histochemistry and histopathology

Histopathology was done for 3 CCLr samples (dog 1-3) and 3 MPL samples (dog 1-
3) (Table 3). Hematoxylin and eosin stained SM specimens of CCLr confirmed the
presence of hypertrophy of laminar propria by fibroblast like cells, exuberant
angiogenesis as well as cellular infiltration of lymphocytes and macrophages (Fig. 9).
However, the specimens of MPL showed mild hypertrophy of fibroblasts cells in intimal
layer, mononuclear cell infiltration and angiogenesis. According to grading of synovial
changes in Table 3, mild to strong synovial changes were perceived in specimens from
CCLr in addition to mild histological changes of MPL. Multinucleated OC-like cells
were not detected with acid phosphatase leukocyte staining kit in both CCLr and MPL

sections.
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Fig. 5 Expressions of CD44 and CD90 surface marker of synovial membrane (SM)
derived MSCs. Flow cytometry identified SM derived MSCs from (A) CCLr and (B)
MPL samples for positive markers CD44, CD90 and negative control isotype.
Representative dot plot shows that, the higher percentage of CD44 and CD90 markers
positive cells in both CCLr and MPL samples.
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Fig. 6 Chondrocytes differentiation from SM-derived cells. A, Micromass were either
treated (a, ¢) and not treated (b, d) with differentiation medium containing 20 pg/ml
dexamethasone 10 ng/ml transforming growth factor f1 (TGF-B1) and 50 M ascorbic
acid. After 3 weeks, cells were fixed and stained for alcian blue. Finding indicates that
the presence of cartilage differentiation in cells derived from CCLr. Bar = 100 um. B,
Semi quantitative reverse transcription (RT)- PCR analysis for cartilage markers,
collagen Il and aggrecan from CCLr-derived samples were comparable with MPL
sample. For each donor, the experiment was performed in duplicate. The samples
cultured in growth medium containing DMEM and 10% FBS were considered as control
group. GAPDH was used as a house keeping gene.
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Fig. 7 Adipogenic and osteogenic differentiation of synovial membrane (SM)-
derived cells. A, Monolayer SM derived cells were either treated (a, c) or not treated (b,
d) with differentiation medium containing 1 mM dexamethasone, 0.5 mM methyl-
isobutylxanthine, 10 mg/ml insulin, and 100 mM indomethacin. After 3 weeks, cells
were fixed and stained for oil red O stain. B, Monolayer SM derived cells were either
treated (e, g) or not treated (f, h) with differentiation medium containing 100 nM
dexamethasone, 10 mM B-glycerophosphate, and 50 mM ascorbic acid. After 21 days,
cells were fixed and stained for alizarin red. Finding indicates the presence of adipocytes
differentiation in cells derived from CCLr. Bar = 50 um. C, D, Gel electrophoresis
results of specific marker genes of adipogenesis and osteogenesis. The MRNA
expression level of PRARy and osteopontin from CCLr were comparable with MPL
sample. For each donor, the experiment was performed in duplicate. Controls for the all
treatment groups were SM derived cells cultured in growth medium containing DMEM
and 10% FBS.
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Fig. 8 Shows TRAP positive osteoclasts-like multinucleate giant cells formation
from SM derived cells. A-a, Light photomicrograph of synovial cell culture after 7 days
with the presence of MSC-F, RANKL, TNF-a shows that osteoclasts-like cells formation
among fibroblasts. After treatment of pronase E (b) to remove the fibroblast, TRAP
positive cells were appeared. Bar = 100um. B, Osteoclast specific marker gene, RANK
was expressed only in cultured samples which were treated with osteoclastogenic
medium. C, Relative gene expression of osteoclasts marker genes, carbonic anhydrase Il
(CA 1), MMP 9, RANK and CTK were statistically different (*: p < 0.05) amidst CCLr
(n= 6) and MPL (n= 5) samples. Bars represent mean relative values normalized to
GAPDH expression + SEM.
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Fig. 9 Histopathological changes of synovial membrane specimens from CCLr and
MPL patients. Histological examination was performed by H&E and acid phosphatase
staining. Bar= 500 um. A, B, Synovial membrane of CCLr, composed of elastic fibers,
fibroblasts, blood vessels, infiltration of mononuclear cells and thickened synovial lining
layer. C, D, Hyperplasia of fibroblasts with relatively thin synovial lining layer (red

double arrow) was noticed in MPL derived samples.
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Table 1 Primes used to polymerize the chondrocytes, adipocytes, OB and OC-
specific function genes

Target gene Sense and anti-sense (5-3) Annealing PCR fragment length

temperature (°C) (bp)

Collagen Il CACTGCCAACGTCCAGATGA 54.54 215
GTTTCGTGCAGCCATCCTTC 54.16

Aggrecan ACTTCCGCTGGTCAGATGGA 54.98 111
TCTCGTGCCAGATCATCACC 53.75

PPARG ATCAAGCCATTCACCACCGT 59.9 149
GCAGGCTCCACTTTGATTGC 60.1

Osteopontin ACGATGTAGATGAAGATGATGG 59.8 548
GCTTTGACTTAATTGGCTGAC 60.1

Carbonic AAGGAGCCCATCAGCGTTAG 59.82 104
anhydrase |1 GGGCGCCAGTTATCCATCAT 60.25

MMP9 GGCAAATTCCAGACCTTTGA 56.4 166
TACACGCGAGTGAAGGTGAG 534

RANK CCCTGGACCAACTGTAGCAT 58.7 239
ACCCAGTGCCACAAATTAGC 55.9

Cathepsin K ACCCATATGTGGGACAGGAT 57.79 169
TGGAAAGAGGTCAGGCTTGC 60.25

GAPDH CTGAACGGGAAGCTCACTGG 54.92 129
CGATGCCTGCTTCACTACCT 54.03
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Table 2 Differentiation potential of synovial membrane derived cells obtained from
CCLr and MPL. Differentiation potential of SM derived cells was examined and graded
as indicated in material and methods. (+ Mild positive, ++ Moderate positive, +++ strong

positive, - Negative, NA Not available)

Origin Animal Chondrogenesis Adipogenesis Osteogenesis

Dog 2 ++ ++ +++
Dog 3 ++ NA ++
Dog 4 ++ + ++
Dog 5 ++ - ++

CCLr Dog 6 +++ +++ NA
Dog 7 + + ++ + +
Dog 8 + +++ NA
Dog 9 - - +
Dog 10 ++ ++ NA
Dog 4 + - NA
Dog 5 - + +

MPL Dog 6 - NA +
Dog 7 + NA ++
Dog 8 + + ++
Dog 9 - - +
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Table 3 Histopathological findings of synovial tissue extracted from CCLr and
MPL. Sections were stained with H&E and graded as indicated in material and methods.

(+ Mild, ++ Moderate, +++ Strong and — Not recognized)

Origin ~ Animal Vascularity Mononuclear Elastic Fibroblasts

cells infiltration fibrosis

CCL Dog 1 + + + + + +
Dog 2 ++ + + +
Dog 3 +++ +++ +++ +++

MPL Dog 1 - - - _
Dog 2 - - + +
Dog 3 + - + +
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1.5 Discussion

In the present study, canine synoviocytes derived from CCLr and MPL of male and
female dogs with different inflammatory severities were isolated, characterized and
successfully identified for their multipotency. Adherent cells obtained from SM
specimens of CCLr and MPL displayed typical features of MSCs, which represent major
cell type in synovial cell fraction with strong expression of CD44 and CD90 surface
antigens. Our result corresponds with other papers which describe the CD44 and CD90
as markers of MSCs (Dominici et al., 2006; Pei et al., 2008). Synovial tissue can be used
as a therapeutic option in regenerative medicine due it’s a large amount of MSCs from a
small section of SM tissue. Those MSCs isolated from SM is called as SM derives stem
cells (De Bari et al.,, 2001) or synovial mesenchymal progenitor cells (Bertram &
Krawetz, 2012). The original of MSCs within the SM are from blood that penetrates
synovial tissue or from BM that connects to intra-articular space (Branco De Sousa et al.,
2014).

The value of synovium was further confirmed as a potential source of MSCs which
carry chondrogenic differentiation ability (De Bari et al., 2001; Nishimura et al., 1999;
Sakaguchi et al., 2005), by the current study with the finding of availability of
chondroprogenitor cells in adult canine SM. Chondral defects have been shown to repair
spontaneously in different species (Jackson et al.,, 2001) by a population of
chondroprogenitor cells resident in cartilage (Barbero et al., 2003; Candela et al., 2014)
or an exogenous population of MSCs. One of the exogenous sources of
chondroprogenitor cells might be SM, which is closely associated with articular cartilage
for the repair of chondral defects. Although the aptitude of differentiation of canine

MSCs into bone and fat tissue has been reported previously by using bone marrow
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samples, (Tharasanit et al., 2011) scarce evidence is available on canine SM-derived
MSCs. In this study, differentiation capability of MSCs into adipocytes and osteocytes
was clearly identified.

Synovial biopsy obtained from CCLr patients carried higher multipotency (Table 2)
when compared with cellular staining strength with MPL-derived samples. There might
be some other specific factors affecting these differences among those two clinical
presentations, however it showed the same MSC population. The study on chemokine
profiles of synovial fluid from normal, OA and RA patients clearly showed that the
number of MSCs recruited by SF from rheumatoid arthritis patients differs from OA and
normal donors, suggesting that chemotactic factors contribute to the attraction of
progenitors from subchondral bone (Endres et al., 2010), blood and bone marrow
(Branco De Sousa et al., 2014). It is still unclear whether there is an effect of chemokines
on improving the potency of MSCs. Inflammatory reactions of the affected area such as
vascularity, mononuclear cell infiltration and cellular hypertrophy varied between CCLr
and MPL, rendering them distinguishable. The findings in our study were consistent with
those of previous reports (Brandt et al., 1991; Little et al., 2014) on the histopathologic
changes of dogs with ruptured cranial cruciate ligaments. At the acute stage of arthritis,
different immune cells secrete cytokines and other mediators which sustain and amplify
the inflammatory environment (Krenn et al., 2006). Multipotency differing with diverse
inflammatory conditions of joint space would be further consistent with previous studies
on human synovial-derived MSCs, when disclosed higher proliferative and chondrogenic
capacities than other MSCs especially when incubated with bone morphogenetic protein
2 (Sakaguchi et al., 2005; Shirasawa et al., 2006).

Additional investigation has been done for finding the differentiation capability of

OC progenitors in SM with the presence of MCS-F, RANKL and TNF-o. Above
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mentioned changes of cellularity and microenvironment in inflamed SM were used as an
indicator for the level of bone destruction in some studies. The degree of destruction of
articular cartilage and bone correlated with the number of synovial macrophages in the
inflamed thickened synovial lining and the sub-intima, predominantly at the articular
margins (Mulherin et al., 1996). Synovial tissue derived from CCLr showed significantly
higher expression levels of OC-specific genes and emphasized that OC precursor’s niche
in SM might play an important role in the development of inflammatory arthritis at knee
joints of dogs.

Some of the limitations of our study are the low number of animals and subjective
histologic grading of the SM specimens. To the author’s knowledge, no similar studies
have previously been reported to determine a priori what the sample size of the present
study should be. In the present study, the assessment of chronicity (duration of clinical
signs) was based on the observation of lameness by the owner. Because CCLr and MPL
in dogs may be deceptive at onset and not associated with trauma, the initial lameness
may have not been noticed by the owner and not documented in the records of the
referring veterinarians. Even though we do not believe that such an underestimation of
chronicity affected the overall results of the study, proper assessment of chronicity of
CCLr and MPL is needed for expanding this study using the fundamental phenomena we
found. Further, we analyzed few specific genes for evaluation of gene expression of each
differentiated cell types; quantification and additional genomic analysis would have been
more desirable. The use of additional cell markers is needed for future study to identify
the hematopoietic cell percentage in the SM with varying inflammatory changes. Finally,
we elected for less time-consuming, subjective histologic grading of tissue specimens;
more objective grading and quantification would have been preferable, particularly from

a statistical viewpoint.
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CHAPTER 2

Chronological differential effects of pro-inflammatory cytokines on
RANKL-induced osteoclast differentiation of canine

bone marrow-derived macrophages

2.1 Summary

Chronic inflammation is a key mediator for local and systemic bone loss in RA
patients. Metabolic activation of osteoclasts for potentiating the bone-resorbing ability
requires ‘biochemical fueling’ from complex cellular interactions between cells of the
OC lineage and mesenchymal cells and lymphocytes at the pathological condition such
as RA. Cytokines play an important role in inflammatory bone destruction by
upregulating the RANKL. The role of cytokines at different stages of osteoclastogenesis
in dogs has yet to be elucidated. The aim of this study was to investigate the
osteoclastogenic properties of inflammatory cytokines at different time-points of
osteoclastogenesis. Bone marrow macrophages derived from five healthy dogs were
stimulated with the M-CSF and RANKL. Inflammatory cytokines, such as IL-1p3, TNF-a
and 1L-17 were added to the culture system of osteoclastogenesis at two time-points. The
‘early’ effect of each cytokine was investigated at the time of first RANKL treatment,
whereas the ‘late’ effect was investigated 48 h after the first RANKL challenge.
Osteoclast differentiation and function were assessed by cell number, area/ cell ratio by
TRAP staining and quantitative PCR of CTK and MMP9 genes. In the M-CSF/RANKL
culture system, TNF-a enhanced osteoclasts formation and their function at particular
concentrations, regardless of temporal differences while IL-10 and IL-17 suppressed the
osteoclastogenesis at early phase of the process. Furthermore, IL-1B upregulated the

expression of cathepsin k and MMP9 genes responsible for OCdifferentiation and
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maturation at the late phase while enhancing the OC functional genes in a dose
dependent manner. In conclusion, those outcomes have been revealed, even though the
rate of IL-1P and IL17-driven bone destruction in RA can be restrained by its inhibitory
action on early OCP to limit the extent of inflammation, targeting IL-13, TNF-a and IL-
17A may be a promising strategy to inhibit inflammatory associated bone destruction

and osteoporosis.
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2.2 Introduction

Rheumatoid arthritis is a chronic autoimmune disease, ultimately presents with
extensive joint destruction as a consequence of severe inflammatory process. Chronic
inflammation is the key mediator for local and systemic bone loss in arthritic joints
where cytokines abundantly present in the synovium (Brennan and Mclnnes, 2008;
Matei and Matei, 2002). Composed interaction of pro-inflammatory cytokines with T
and B cells plays a key role in the pathophysiology of RA (Smolen et al., 2007; Smolen
and Steiner, 2013). Immune and bone cells are functionally interconnected and derived
from same progenitors in the bone marrow sharing common microenvironment (Zupan et
al., 2013). Well-balanced activity of OC at the healthy joint is deregulated with excessive
activation of the immune mediators under the inflammatory conditions (Gao et al.,
2007). Based on the current evidence, pro-inflammatory cytokines are categorized into
three groups, called osteoclastogenic (IL-1, 6, 8, 11 and 17, TNF-a), anti-
osteoclastogenic (IL-4, 10, 13 and 18, IFN-y, IFN-B) and both osteoclastogenic and anti-
osteoclastogenic (IL-7, 12, 23, and 6, TGF-B) (Kotake et al., 2009; Takayanagi et al.,
2002). However, the theories on activity of pro-inflammatory cytokines in different
stages of osteoclastogenesis are still controversial. Recently, Moon et al., 2013 observed
the enhancement of osteoclastogenesis with the treatment of IL-1p, regardless of the
maturation status of mouse-derived precursor cells. However, previous human study
shows that early treatment of IL-1f prior to or together with RANKL strongly inhibits
osteoclastogenesis of human-derived precursor cells. The explanation for strong
inhibition of human osteoclastogenesis induced by IL-1p is due to suppression of RANK
expression by IL-1B-induced proteolytic shedding of the M-CSF receptor, c-Fms which

is essential for RANK expression (Lee at al., 2010). Further, TNF-a could stimulate the
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proliferation and differentiation of OC precursors (Pfeilschifter et al., 1989; van der
Pluijm et al., 1991) in addition to maturation of OC (Kitazawa et al., 1994; Lerner and
Ohlin, 1993; Thomson et al., 1987). The disputes regarding the cytokine-induced
osteoclastogenesis which stems from the fact that previous experiments were performed
under different conditions among different species were considered in this study.
However, the direct effect of IL-1pB, TNF-a and IL-17 on the differentiation stages and
function of OC have not been fully understood in dogs. To our knowledge, this study
was the first attempt to examine the role(s) of IL-1B, TNF-a and IL-17 on OC
differentiation, function and expression of OC marker genes, CTK and MMP9 using

canine bone marrow-derived OCP.
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2.3 Materials and Methods

2.3.1 In vitro osteoclastogenesis

Proximal femurs of 1-year-old, healthy beagle dogs (n = 5) were used to collect the 5
ml of bone marrow samples into 10 ml syringe containing 1 ml DMEM (Life
technologies) and 1000 U/ml of heparin (Nipro, Osaka, Japan). The use of clinical
samples and all samples from experimental dogs were in accordance with Hokkaido
University Institutional Animal Care and Use Committee guidelines (approval number:
12-0059). The bone marrow was preceded as described previously (Wagner and Eferl,
2005; Yagi et al., 2006). Briefly, the bone-marrow derived monocyte-macrophages
(BMMs) fraction was obtained by density gradients centrifugation over lymphoprep
(Axis-sheild PoC AS, Oslo, Norway) to remove red blood cells. Isolated BMMs fraction
(5x10° cells/ml) was incubated with DMEM containing penicillin/streptomycin (100
units/ml, Wako) and 10% FBS (Nichirei) for 24 hr to separate the non-adherent and
adherent cells. Non-adherent cells were collected as a source of immature OC precursors,
suspended in DMEM and counted. The isolated cells were then cultured in DMEM with
the presence of 20 ng/ml recombinant human M-CSF on 48-wells plates (Corning
Incorporated, Corning, NY, USA) at 2x10° cells/well for 3 days. After 3 days, adherent
cells were used as OC precursors after washing out the non-adherent cells, including
lymphocytes and further cultured in the presence of 25 ng/ml M-CSF, 50 ng/ml
recombinant human RANKL (Sigma) to generate OC. Various concentrations of canine
recombinant IL-1B, TNF-a and IL17 (1, 5, 10 ng/ml) (Kingfisher Biotech, INC.,
Minnesota, USA) and RANKL were added into the osteoclastogenesis culture system at
two different time-points; early cytokine treatment was performed with the first RANKL

administration and late cytokine treatment was performed on day 2, when the second
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RANKL treatment was administered to the osteoclast culture media (Fig. 10). On day 2,
the media was replaced with fresh medium containing M-CSF, RANKL and cytokines.
Selected concentrations of cytokines were within the previous proved non-cytotoxic
range for bone marrow derived cells (Moon et al., 2013). Precursor cells began to fuse
between 36 and 48 hr and mature osteoclasts were observed at 60 hr after RANKL
stimulation. TRAP staining, RNA extraction and RT-PCR were done as explained in

chapter 1.

2.3.2 Bone resorption assay

Bone marrow cells were cultured on bone resorption assay plate 48 (PG Research,
Tokyo, Japan) coated with calcium phosphate (CaP-coated, Sigma-Aldrich) and followed
the same cytokines treatments. The resorption pit area was analyzed with image-J

software (Image J software version 1.43, National Institute of Health).

2.3.3 Statistical analysis

Relative gene expression of level of MMP9 and CTK were analyzed with the t test
using SPSS statistical software (ver. 16.0; SPSS, USA) and expressed as the mean *
standard error of mean (SEM). p values < 0.05 were considered statistically significant
and determined using the Bonferroni modification of ANOVA. Each data point

represents the mean £ SEM of 5 samples unless otherwise indicated.
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2.4 Results and Discussion

This study demonstrated that cytokines have specific characteristic osteoclastogenic
properties throughout the maturation stages. Consistent with the results of previous
human study, our results confirmed that the rate of IL-1p driven dog osteoclastogenesis
which restrained by its inhibitory action on early osteoclasts precursors, could limit the
extent of inflammation in arthritis (Lee et al., 2001). Challenging many previous reports,
this study found temporal differential effect of IL-1B, determined by varying degree of
osteoclastogenesis, bone resorption and mRNA expression levels of OC-related specific
genes (Jimi et al., 1999; Jimi et al., 1995; Kobayashi et al., 2000; Ritchlin, 2000). At all
given concentration of IL-1B, number of TRAP-positive multinucleated cells and
resorbed area were decreased compared with that in the control group at early phase (Fig.
11A-F).

However, previous work has also found that IL-1p could suppress bone resorption in
selective in vivo models (Bajayo et al., 2005; Lee et al., 2010; Vargas et al., 1996). In
this context, our findings suggest that suppressive functions of IL-1f on
osteoclastogenesis may become apparent and biologically important in limiting the
extent of bone resorption under conditions where exposure to IL-1p precedes initial steps
of differentiation in response to RANKL. But the inhibitory action of IL-1p at early
phase was not enough to overcome the stimulatory effects on bone erosion which is
given by other factors. Lee et al., 2010 explained that the inhibitor action of IL-1B in
human due to its down regulatory activity over receptor of M-CSF, ultimately ended up
with concurrent inhibition of M-CSF-induced RANK expression. Additionally, the effect

of IL-1B on osteoclastogenesis is strikingly time dependent and species dependent when
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considering that in human (Lee et al., 2010), murine (Moon et al., 2013) and current
canine-related study.

Osteoclast differentiation, bone resorption and CTK expression were amplified with
TNF-a in dose dependent manner, while keeping 10 ng/ml as significant concentration
(p<0.05) (Fig. 11E). Remarkably, IL-17 suppressed OC functional genes, CTK (Fig.
11E) and MMP9 (p<0.05) (Fig. 11F) with all the concentrations at early phase where
those genes starting to express (Takeshita et al., 2000). Bone resorption-related genes
CTK and MMP9 are highly expressed in OC and play an important role in skeletal
remodeling (Reponen etal., 1994). Various patterns of osteoclastogenesis were observed
with supplementation of TNF-a and IL-17. At the concentration of 5 ng/ml, TNF-a
markedly upregulate all functional genes (p<0.05) while increasing OC differentiation
and bone resorption (Fig. 11A-E). But challenging the previous study (Kitami et al.,
2010), our findings of IL-17 indicated remarkable suppression of osteoclastogenesis
(p<0.05) at highest concentration (10 ng/ml) in later phase by implementing the variation
on differentiation capability of cytokines in temporal manner (Fig. 12A-F). Interestingly
this study was able to postulate the differentiation patterns of inflammatory cytokines at

different time-points of osteoclastogenesis.
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Fig. 10 Schematic description of the osteoclastogenesis process and cytokine
treatments. Early and late challenges with cytokines were performed concurrently with
the first RANKL stimulation (at 0 hr) and the second RANKL stimulation (after 48 hr).
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Fig. 11 Differential effect of IL-1p, TNF-a and IL-17 on osteoclast differentiation of
canine bone marrow-derived macrophages (A) at early phase is shown. Early
challenges with cytokines were performed concurrently with the first RANKL
stimulation (at 0 hr). TNF-a increased the B number of OC and C, D area of resorption
while IL-1p inhibits osteoclast formation in all concentrations. E, Relative mRNA
expression of CTK was significantly upregulated with the presence of 5 ng/ml of TNF-a..
F, Expression of MMP9 was significantly lower in all the treatments in early phase of
maturation. Values are the means £ SEM of 5 independent experiments. *: p<0.05 and
**: p<0.001 compared with control group. Scale bar = 200 um.
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Fig. 12 Differential effect of IL-1p, TNF-a and IL-17 on osteoclast differentiation of
canine bone marrow-derived macrophages (A) at late phase is shown. Late
challenges with cytokines were performed concurrently with second RANKL stimulation
(after 48 hr). IL-1p at 10 ng/ml and TNF-a at 5 ng/ml significantly increased the B
number of OC and C, D area of bone resorption. At the late phase, 10 ng/ml of IL-17
attenuate the osteoclastogenesis. Relative mRNA expression of E CTK and F MMP9
was significantly upregulated with IL-1p and TNF-a. Values are the means £ SEM of 5
independent experiments. *: p<0.05 and **: p<0.001 compared with control group.

Scale bar = 200 pm.
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CHAPTER 3

Inhibitory effects of pentosan polysulfate on formation and function of

osteoclasts derived from canine bone marrow

3.1 Summary

Pentosan polysulfate was testified as a chondroprotective drug in with a detailed
rationale of the disease-modifying activity. The purpose of this study was to determine
the effect of this novel glycosaminoglycan over the differentiation and activation of OC
derived from canine bone marrow. Isolated non adherent mononuclear cells were treated
with receptor activator of RANKL and M-CSF to generate osteoclast-like multinucleated
giant cells while treating PPS for 1-week by final well concentration of 0, 0.2, 1 and 5
ug/ml. Differentiation and activation of OC were monitored via tartrate-resistant acid
phosphatase staining, filamentous-actin rings analysis, bone resorption assay and
analyzing osteoclastogenesis-related markers such as NFATcl, c-Fos, CTK, MMP-9,
AP-1 and CA 1l using quantitative reverse transcriptase polymerase chain reaction. The
receptor activator of NF kappa B ligand-induced expression of NFATcl and c-Fos,
which are the key transcription factors for osteoclastogenesis, was reduced by treatment
with PPS. Besides, disruption of the actin ring, decreased the expression mMRNAs of CTK
and MMP-9 both involved in bone resorption and tartrate-resistant acid phosphatase
positive osteoclast number were attenuated with PPS in concentration gradient. Taken
together, these results suggest inhibitory effect of PPS on OC differentiation and bone
resorption by proving treatment option for osteoporosis or other bone diseases associated
with excessive bone resorption and provides useful information for future

pharmacokinetic studies and clinical trials in vivo.
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3.2 Introduction

Bone homeostasis is crucial to maintain the integrity of bone functions that
coordinated balance between bone resorption by OC and bone formation by
chondrocytes/ OC (Corral et al., 1998; Karsenty and Wagner, 2002). Osteoclasts which
originate from monocyte/macrophage family members derived from bone marrow
hematopoietic precursors (Itonaga et al., 2004) are the principal multinucleate giant
resorptive cells of bone which require two grave factors M-CSF and RANKL for their
differentiation and maturation (Boyle et al., 2003; Kim et al., 2016; Nakamura et al.,
2012). Receptor activator of NF kappa B ligand binds to its receptor, receptor activator
of NF kappa B on OC precursors (Nakagawa et al., 1998), which involve the activation
of NF-kB and Jun N-terminal kinase, eventually leading to the expression of AP1/ Fos,
an essential regulator of osteoclast differentiation (Wagner and Matsuo, 20030.
Previously reports have shown that OC precursors are found in both peripheral blood and
synovial tissues of human with RA (Fujikawa et al., 1996; Itonaga et al., 2000).
Osteoclast precursors which are unable to resorb bone (Yagi et al., 2005) stained positive
for TRAP eventually fuse to form multinucleated mature TRAP-positive OC (Kong et
al., 1999). Thus maturation and functional capability of OC while differentiation, are
critical cellular process, understanding its regulation will have an important impact on
the development of a new therapy to control bone loss among human and dogs.

In the past few years, the concept of DMOADs have been explored as an alternative
treatment modality for OA (Altman, 2004) instead of using NSAIDs which has been
frequently used for treat OA and associate with a high risk for gastrointestinal lesions
with long-term uses (Wallace, 1997). Although PPS has been used for a number of years

for the treatment of thrombotic and hyperlipidemic indications, it has only recently been
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shown to be effective in improving the symptoms of human patients with OA (Ghosh,
1999; Ghosh et al., 2005; Kumagai et al., 2010). While the molecular mechanism of PPS
action at the microenvironment of joint remains unclear, some previous reports shows
that, PPS are capable in enhancing synthesis of proteoglycans such as aggrecan, which is
intimately associated with resist compression throughout the extracellular matrix of
articular cartilage (Takizawa et al., 2008). Hence, synovial changes in dogs with canine
arthritis mimic human RA, dogs are potential useful model for studies of therapy
(Schumacher et al., 1980). Recently, it has been reported that PPS can inhibit osteogenic
differentiation in human bone marrow derived precursor cells while inducing
chondrogenic differentiation (Ghosh et al., 2010). However, among the several previous
human studies of PPS which were based on cartilage research, there was dearth of
information on effect of PPS over the osteoclastogenesis, anti-resorptive capability and
influence on cell signaling molecules of OC in dogs. To the best of our knowledge,
present study is the first attempt to identify the interaction of PPS with in vitro cultured
OC-derived from dog bone marrow. In this study, we examined the effect of PPS on dog
OC differentiation and function stimulated by RANKL and M-CSF as an in vitro assay.
This chapter provides useful preliminary information on the concentration of this drug
and should help increase understanding and awareness of the opportunity and or

limitation of its therapeutic use among dogs.
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3.3 Materials and Methods

3.3.1 Differentiation of osteoclast derived from bone marrow of the dog

Proximal femur of one year old, healthy beagle dogs (n=6) were used to collect the 5
ml of bone marrow samples in to 10 ml syringe containing 1ml DMEM (Life
technologies) and 1000U/ml of heparin (Nipro, Osaka, Japan). The use of clinical
samples and all samples from experimental dogs was in accordance with Hokkaido
University Institutional Animal Care and Use Committee guidelines (approval number:
12-0059). The bone marrow was preceded as described previously (Li et al., 2005;
MacDonald et al., 1987). Briefly, the bone marrow mononuclear cell fraction was
obtained by density gradients centrifugation over lymphoprep (Axis-sheild PoC AS) to
remove red blood cells. Isolated BMMs cell fraction (5x10° cells/ml) was incubated with
DMEM containing penicillin/streptomycin (100 units/ml, Wako) and 10% heat-
inactivated FBS for 24 h to separate the non-adherent and adherent cells. Non-adherent
was collected as a source of immature OC precursors, suspended in DMEM, counted,
seeded on 48-well plates (Corning, New York, USA) at 2x10° cells/well, and cultured in
DMEM with the presence of 20 ng/ml recombinant human M-CSF (Invitrogen,
Maryland, USA) for 3 days. After 3 days, adherent cells were used as OCP after washing
out the non-adherent cells, including lymphocytes and further cultured in the presence of
25 ng/ml M-CSF, 50 ng/ml recombinant human RANKL (Sigma) to generate OC-like
multinucleated giant cells and treated with PPS (Cartrophen Vet-Biopharm) for 1-week
by final well concentration of 0, 0.2, 1 and 5 pug/ml, those are within the previous proved
non-cytotoxic range for bone marrow derived cells (Ghosh et al., 2010). Triplicate

cultures of each PPS (100mg/ml) concentration were used and cultures were maintained
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with media changes containing the same PPS concentration in every 48 hours. TRAP

staining was done as described in chapter 1.

3.3.2 Pit formation assay

Bone marrow cells were cultured on bone resorption assay plate 48 (PG Research,
Tokyo, Japan) which was coated with calcium phosphate (CaP-coated) to generate
mature OC as described above. Seven days after the culture with PPS at various
concentrations in the presence of M-CSF (25 ng/ml) and RANKL (100 ng/ml), the CaP-
coated plate was treated with 5% sodium hypochlorite (Sigma-Aldrich, St Louis,
Missouri, USA) for 5 minutes according to the manufacturer’s instructions. The

resorption pit area was analyzed with Image-J software (Image J software version 1.43).

3.3.3 The actin ring formation assay

The actin ring formation assay was performed as described previously (Hurst et al.,
2004). Briefly, BMMs cultured with M-CSF, RANKL and various concentrations of PPS
for 7 days, washed with PBS and fixed with 4% paraformaldehyde (Wako) in PBS on ice
for 20 minutes. Osteoclasts were detergent-permeabilized with 0.2% Triton X-100 (ICN
Biomedicals, Germany) in PBS for 10 minutes, washed and blocked in 10% normal goat
serum (Sigma) in PBS for 1 hour. The cells were incubated with primary rabbit anti-F
actin polyclonal antibody (Bioss Inc., Woburn, MA, USA) (1:100 dilution) for 1 hour in
PBS with 1% normal goat serum, washing three times with PBS, incubating for 1 hour
with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (Sigma)
(1:100 dilution) in PBS with 1% normal goat serum, washing three times with PBS, and
finally mounting with aqueous mounting medium. 4',6-diamidino-2-phenylindole

(DAPI) (Thermo Fisher Scientific, Eugene, OR, USA) was used to stain the nucleus and
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mount the slides according to manufacturer’s instructions. The images were observed

under a laser scanning confocal microscope (Zeiss, Urbana, IL, USA).

3.3.4 Immunocytochemical detection of localization of PPS with actively transcribed
gene

Osteoclasts resulting from canine bone marrow cells (2 x 10° cells) were cultured in
8-well culture slide (lwaki, Tokyo, Japan) in 400 ul of DMEM, 10% FBS with
osteoclasts differentiation factors. Cells were incubated with 10 pg/ml of TRITC-labeled
PPS (Arthropharm, Bondi junction, New South Wales, Australia) for 24 hours. After
fixation and blocking, cells were incubated with primary anti-human c-Jun (HT-9) rabbit
polyclonal antibody (Santa Cruz Biotechnology, Dallas, TX, USA) (1:100 dilution) in
1% normal goat serum followed by incubation with FITC-conjugated goat anti-rabbit
antibody (Sigma) (1:100 dilution) in 1% normal goat serum and observed under a laser

scanning confocal microscope.

3.3.5 mRNA isolation and RT-PCR

Total RNA from cells was extracted using RNeasy Mini Kit (QIAGEN) according to
the manufacture’s protocol. Total RNA was quantified by spectrophotometry at 260 nm.
RNA with a 260/280 nm ratio in the range 1.8-2.0 was considered high quality and then
transcribed into cDNA with M-MLV RT kit (Takara Bio) according to manufacturer’s
recommended procedures. One microgram of total RNA derived was reverse-transcribed
into cDNA with random hexamers. PCR conditions were as follows: denaturation at 95
°C for 30 seconds, annealing temperature for 1 minute, extension at 72 °C for 1 minute

for 30 cycles, and final extension at 72 °C for 7 minutes. PCR products were separated
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on 1.5% agarose gel (BM Equipment, Tokyo, Japan) and stained with ethidium bromide

(Nippon Gene, Tokyo, Japan).

3.3.6 Real-time PCR
Quantitative real-time PCR analysis was performed with KAPA SYBR® FAST
gPCR kit (KAPA). The amount of 2 ul of cDNA template was added to each 10 pl of

premixture with specific primers (Table 4).

3.3.7 Statistical analysis

Statistical analyses were performed using SPSS software (SPSS software ver. 07 for
Windows; SPSS Inc.). Relative gene expression of OC specific genes was represented as
the means = SEM. An appropriate post-hoc test was used to analyze the difference. Then
comparison between groups was made by one-way analysis of variance, statistical

significances were achieved when p< 0.05.
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3.4 Results

The effect of different concentration of PPS on OC differentiation from BMMs
stimulated with RANKL and M-CSF was evaluated. The number of TRAP-positive
multinuclear cells (>3 nuclei) generated in 48 well plate were reduced with the
administration of PPS in dose dependent manner. Significant reduction of TRAP-positive
multinuclear cell number at the concentration of 1 and 5 pg/ml PPS (p< 0.05) was noted
(Fig. 13A, B). Osteoclast specific genes, CAIll, CTK and MMP-9 expression was
analysis after treatment of PPS in the concentration of 0.2, 1, 5 pg/ml. These specific
genes were attenuated by the treatment with PPS dose-dependently (Fig. 13C, D, E).
Furthermore, significant suppression of CTK and MMP-9 were observed (p<0.05) at 1, 5
pg/ml concentrations.

Effect of PPS on bone resorption was assessed with OC generated from 3 dogs. Cells
were plated on CaP-coated plates and stimulated with M-CSF and RANKL in the
presence or absence of PPS. Cells stimulated with M-CSF and RANKL formed a number
of pits (Fig. 14A, B), suggesting that the bone resorption activity of RANKL-treated
cells made them into functionally active state resembling OC. Treatment with 10 pg/ml
PPS significantly reduced the formation of resorption pits in number and in overall area
compared with treatment with M-CSF and RANKL alone. In the presence of RANKL
exposure, BMMs can differentiate into mature OC and form distinct actin-ring structures
(Figure 14C, D). However, PPS significantly reduced the size and the number of actin-
ring structures in a dose-dependent manner, suggesting that PPS suppressed the
formation of actin-rings in matured OC.

Canine OCLs were treated with fluorescently labelled (red) pentosan polysulfate

(TRITC-PPS), then fixed in formalin and fluorescently stained for genetic DNA (blue)
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and for c-Jun (green) which is one of the key components of AP-1 transcription factor
(agi et al., 2005).

Invasion of PPS in to the cytoplasm and nucleus of mature osteoclast was visualized
(Fig. 15A). The yellow to orange in the overlay image indicates that PPS and c-Jun
proteins are in the same location (Fig. 15B). Pentosan inhibits NFATcl and c-Fos
expression and decreases AP-1 activation. The effect of PPS on the expression of
NFATcl, c-Fos and AP-1 in the mature OC was examined and compared with the OC
cells treated with the presence and absence of PPS. The cells with M-CSF, RANKL
induced high level of expression of NFATc1, c-Fos and AP-1 mRNA (Fig. 15D, E, F).
Treatment with PPS (5 pg/ml) significantly decreased (p<0.05) mRNA expression level
of NFATc1, c-Fos and AP-1. As shown in Figure 15C, semi quantitative RT-PCR was

correlated with quantitative PCR.
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Fig. 13 Shows inhibitory effect of PPS on canine OC differentiation. A, The cells
were treated with various concentration of PPS followed by M-CSF (20 ng/ml) and
RANKL (50 ng/ml) for 7 days. The cells were stained for TRAP stain and B TRAP-
positive cells (>3 nuclei) were counted. Scale bar- 100um. Bar graphs show the
concentration effects of PPS on mRNA expression levels of C carbonic anhydrase 11 (CA
I), D CTK and E MMP-9 determined by real-time PCR and results were normalized to
the expression of GAPDH. Data are representative of five independent experiments and
expressed as means + SE. Means with * are significantly different from 0 pg/ml of PPS
(*: p<0.05, **: p<0.01).
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Fig. 14 Pentosan inhibits bone resorption and actin ring formation by concentration
gradient. Canine BMMs, cultured with M-CSF (25 ng/ml) and RANKL (50 ng/ml) for 7
days with or without indicated doses of PPS. A, The cells were washed and the
resorption pits were counted. B, The numbers of pits was analyzed with Image-J
software. C, Cells were fixed, stained for F-actin formation (top) and D osteoclasts with
actin ring were counted (bottom). Scale bar- 200um. Column indicates means = SE of
three experiments performed in triplicate. Means with * are significantly different from 0
pg/ml of PPS (*p < 0.05).

53



A

DAPI TRITC-PPS Merged NFATcl = ===
C-FOS Sl G was
(€ B R —

0.2 1 5
PPS (ug/ml)

FITC-c-Jun TRITC-PPS

D E F
1.2 14 1.2
| NFATc1 1.2 c-Fos ! AP-1
08 ! 0.8 ;
0.8
0.6 * 0.6 *
0.6
0.4 04 0.4
0.2 02 0.2
0 0 0
0 0.2 1 5 0 0.2 1 5
PPS pg/ml PPS pg/ml PPS pg/ml

Fig. 15 Inhibitory and co-localization patterns of PPS with actively transcribed
genes. Osteoclast differentiated from canine bone marrow with supplement of M-CSF
(25 ng/ml) RANKL (50 ng/ml) together with absence and presence of PPS (0.2, 1, 5
pg/ml) for 7 days was done. A, Confocal microscopic images of invasion of TRITC-
labeled PPS in to OC and B localization with c-Jun (subunit of AP-1 transcription
complex) are shown. The orange in the overlay image indicates that PPS and gene
activation proteins c-Jun (green) are in the same location. Nuclei were stained with 4,6-
diamidino-2-phenylindole dye (DAPI). Scale bar- 100um. C, Attenuation effect of PPS
on master regulators of osteoclastogenesis (NFATc1, c-Fos) by dose dependent pattern
are shown. D, E and F, Relative mRNA expression of NFATcl, c-Fos and AP-1
according to the PPS concentration gradient was significantly attenuated at 5 pg/ml. Data
expressed as mean + SE for each PPS concentration after normalizing for the expression
of the GAPDH. Means with * are significantly different from 0 pg/mL of PPS (*: p <
0.05, **: p < 0.01).
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Table 4 Primes used to polymerize the osteoclast-specific function genes

Target gene Sense and anti-sense (5-3) Annealing Product (bp)
temperature(°C)

Carbonic anhydrase 11 AAGGAGCCCATCAGCGTTAG 59.82 104
GGGCGCCAGTTATCCATCAT 60.25

NFATc1 CACAGGCAAGACTGTCTCCA 56.9 176
TCCTCCCAATGTCTGTCTCC 67.9

MMP9 GGCAAATTCCAGACCTTTGA 56.4 166
TACACGCGAGTGAAGGTGAG 53.4

c-Fos GTCCGTACAGACCACAGACC 59.76 192
CGCTCCACTTCATTGTGCTG 59.83

RANK CCCTGGACCAACTGTAGCAT 58.7 239
ACCCAGTGCCACAAATTAGC 55.9

Cathepsin K ACCCATATGTGGGACAGGAT 57.79 169
TGGAAAGAGGTCAGGCTTGC 60.25

Activator protein-1 TCTACGACGATGCCCTCAAC 59.56 159
TGAGCAGGTCCGAGTTCTTG 59.65

GAPDH CTGAACGGGAAGCTCACTGG 54.92 129
CGATGCCTGCTTCACTACCT 54.03
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3.5 Discussion

In the present study, PPS exerted an inhibitory effect on canine osteoclastogenesis
through the key transcription factors such as NFATc1, c-Fos and osteoclastogenesis-
related other markers were also noted and colocalization with actively transcribed gene
was visualized. To further study the effects of PPS on osteoclastogenesis, we examined
whether PPS affected RANKL-induced OC function by bone resorption assays and actin
formation. The results suggested that PPS suppressed RANKL-induced bone resorption
activity and formation of actin-rings of matured OC. The stimulation of M-CSF and
RANKL make mature OC result in resorption lacunae, pit formation and actin ring
formation (Jun et al., 2012) which is a prerequisite for OC bone resorption and is the
most obvious character of mature osteoclast during osteoclastogenesis (Hsu et al., 1999).
Thus, OC play central role in pathologic bone destruction, manipulation of their
differentiation and function by PPS might be a promising therapeutic strategy to treat
bone disorders.

In this study, the noted inhibition of OC formation and TRAP activity indicated that
PPS exerts an inhibitory effect on osteoclastogenesis and significantly reduction of
density of pits by treatment, suggests that PPS exerted an inhibitory effect on mature OC
function. The commonly used phenotype marker, TRAP is expressed particularly in OC
and positive for TRAP stain after pre-OC cells differentiation with the supplement of
RANKL (Jun et al., 2012). Detection of TRAP-positive cell formation is a renowned
method of determining osteoclast formation and function (Tanabe et al., 2005; Tanaka et
al., 2006).

In our study, PPS significantly suppressed the NFATcl up-regulation in OC

normally seen with RANKL treatment. In previous knock-out experiments has been
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demonstrated that NFATc1 (Grigoriadis et al., 1994; Zhao et al., 2010) and c-Fos are an
important transcription factors for RANKL-mediated OC differentiation, fusion, and
activation (Matsuo et al., 2004). In addition, previous reports demonstrated that
NFATcl is not induced by RANKL stimulation in OC lacking c-Fos (Matsuo et al.,
2004). Further, NFATCc1 is the master regulator of osteoclastogenesis that is regulated by
the AP-1 complex (Yagi et al., 2006). Dimeric transcription factor AP-1 is composed of
members of the Jun and Fos protein family (Wagner and Eferl, 2005) and has a massive
impact on OC differentiation and production of soluble mediators of bone erosion (Zenz
et al., 2008).

Intracellular co-localization and interaction of PPS with c-Jun transcriptional factor
was observed in this study by immunofluorescence assay emphasizing that the site of
action of drug of interest. Thus, c-Fos up regulation is needed for NFATc1 induction
(Ghayor et al., 2011) it is potential that the suppression of NFATcl by PPS is the
consequence of the down-regulation of c-Fos, with the subsequent down-regulation of
AP-1 activity and attenuation of osteoclast—specific gene expression required for
efficient OC differentiation and bone resorption. Previous reports also show that PPS
possesses the ability to promote mesenchymal precursor cell proliferation and
chondrogenic differentiation while suppressing osteogenic expression and bone
formation (Ghosh et al., 2010).

Outcome of the present study confirmed that the inhibitory effect of PPS on canine
OC differentiation and function, while additional investigations will be required to
clarify the mechanism of action of PPS on OC in more detail. Based on the finding of
current study, the effect of PPS on transcriptional factors, specific genes expression and
cytoskeletal organization, further extension the study up to detailed work on gauging

specific binding affinity of PPS with specific protein at nuclear, sub nuclear domain or
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nuclear speckles would be much awarded the PPS as therapeutic perspective. Although
the impact of PPS on cell signaling pathways of chondrocytes were well-recognized,
invasion in to the osteoclast and its intracellular reactions, competence of
osteoclastogenesis from stem cells and effect on functioning structural formation (actin
ring) and transcriptional factors have not been considered until probing by this study. To
our knowledge, this is the first study on dog’s bone marrow derived osteoclast to
demonstrate that the inhibitory effect of PPS through modulating the AP-1 and NFATc1
transcription factors and inhibits osteoclast function by reducing MMP-9 and CTK

expression and disrupting bone resorption.
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CHAPTER 4

Anti-arthritic effect of pentosan polysulfate in rats with

collagen-induced arthritis

4.1 Summary

This study evaluated the anti-arthritic and anti-inflammatory activities of PPS, using
a collagen-induced arthritis (CIA) model in rats. Model of arthritis was developed in
Sprague Dawley rats by intradermal injection of bovine type Il collagen emulsified with
incomplete Freund’s adjuvant. The rats were randomly divided into four groups: normal
control, arthritic control, arthritic rats treated with PPS (at dose level 20 pg/g) and
arthritic rats treated with meloxicam (2 pg/g). The treatment was continued daily until
the day 30. Arthritic profiles based on clinical score, ankle size, radiography, and
histological changes in joints were quantified. Concentration of cartilage oligomeric
matrix protein (COMP) and tartrate-resistant acid phosphatase 5b (TRACP-5b) in
synovial fluid and gene expression level of CTK, TRAP, IL-1pB, and TNF-a in synovial
membrane were measured. Daily administration of PPS to the arthritic rats significantly
decreased the severity of arthritis by effectively suppressing the symptoms of arthritis
and improving the functional recovery based on clinical score and histopathological
evidence. Intriguingly, identical downregulation pattern of arthritis profiles, biological
markers as well as relative mRNA levels of osteoclast markers and cytokines were
monitored in CIA rats treated with PPS. In conclusion, PPS exerted anti-arthritic effects
through regulating the clinical, histopathological and biological parameters. These results
suggest that PPS is an effective candidate for therapeutic compounds of inflammatory
arthritis by providing a cost-effective and safe alternative to existing disease-modifying

osteoarthritis drugs.
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4.2 Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease of unknown
etiology. Inflammatory synovitis, neovascularization and pannus formation resulting
joint destruction are major pathological outcomes of RA (Scott at al., 2010;
Leonaviciené et al., 2008). Characterized by systemic involvement, RA affects the
peripheral joints and causes chronic progressive inflammatory destruction starting at
synovial membrane, cartilage and subchondral bone (Colmegna et al., 2012).
Therapeutic studies on RA have shifted from symptomatic treatment to controlling the
disease process together with obliteration of inflammation (Colmegna et al., 2012). The
combination of therapies involving anti-inflammatory and structure-sparing effect for
chronic forms of inflammatory arthropathy are interrelated since a potent anti-
inflammatory approach also averts structural damage from the disease (Schett et al.,
2008).

Although NSAID are used commonly to ease the symptoms of RA and OA, data on
the potential of preserving cartilage and bone remains contentious. Therefore research
has been focused on studying compounds which are capable of decreasing the
inflammation while conserving structural silhouettes. This has yielded the creative
approach to explore therapies which are termed as DMOAD or chondroprotective
treatments due to their ability of preventing loss or encouraging the regrowth or healing
of damaged articular cartilage (Blanco and Ruiz-Romero, 2013).

Previous studies on PPS have shown that this novel glycosaminoglycan is effective at
promoting fibrinolysis, reducing joint inflammation, stimulating hyaluronan synthesis by
synovial fibroblasts, stimulating proteoglycan synthesis by chondrocytes and

downregulating matrix metallopeptidase-13 production at the gene promotor level
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(Ghosh, 1999; Ghosh and Cheras, 2001; Andrews et al., 1983). Currently, PPS has been
used for treating osteoarthritis in both veterinary and human practice with proven
efficacy in experimental model (Ghosh, 1999; Burkhardt and Ghosh, 1987; Ghosh et al.,
2005; Edelman et al., 1996; Ghosh et al., 1992; Smith et al., 1994). However, neither the
antiarthritic activity of PPS nor its effect on inflammation-related biomarkers had been
adequately investigated through the arthritis and histology profiles in RA animal models.

The aim of the present study was to evaluate the efficacy of PPS through clinical and
histopathological outcomes compared with those in potential arthritic biological markers.
To further this investigation, we developed the well-established rat CIA rat model which
is able to closely reflect major features of human RA and used to extensively evaluate
novel form of therapies (Joe and Wilder, 1999; Myers et al., 1997). Biochemical markers
of cartilage and bone turnover, COMP and TRACP-5b are also receiving increasing
attention (Karsdal et al., 2009) and have been applied to the current study to evaluate the
degree of inflammation, damage and therapeutic effect. One NSAID, meloxicam, which
is used widely to control symptoms of RA, was incorporated parallel to PPS in this
study.

Using CIA rat model, efficacy of subcutaneously administered PPS was evaluated for
disease progression, paw swelling and quantitative histopathological assessment, as well

as inflammation-related markers in SF and its lining.
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4.3 Materials and Methods

4.3.1 Animals

All experiments were carried out with female 8 weeks old Sprague Dawley (SD) rats
(n=22) (body weight 191+3.8 g) purchased from Shimizu Laboratory Supply Co. (Kyoto,
Japan). The rats were housed (2-3 per cage) in a temperature-controlled (20+2°C) and lit
(lights on 08:00-20:00h) room. Food (Nosan Cooperation, Yokohama, Japan) and water
were freely available. This experiment was carried out in accordance with the guidelines
for animal experimentation of the Graduate School of Veterinary Medicine, Hokkaido

University (approval No 14-0166/14050).

4.3.2 Induction of CIA

After acclimatization for approximately 1 week, 1.2 ml of emulation was
administered, comprising 0.8 mg of bovine type Il collagen (dissolved in 0.05 M acetic
acid, Chondrex, Inc., Redmond, WA, USA) and incomplete Freund’s adjuvant
(Chondrex, Inc.) containing 0.4 mg of synthetic adjuvant N-acetylmuramyl-L-alanyl-D-
isoglutamine (MDP, Chondrex, Inc.). The emulsion was injected as eight intradermal
injections on the back and two injections to the base of the tail. The booster injection was

given on 7 and 14 days after initial immunization.

4.3.3 Animal groups

Rats (n=22) were randomly allocated to four groups after immunization and received
normal saline only for control CIA group (n=6) or PPS in saline administered daily as
subcutaneous at a dose of 20 ug/g body weight (n=6) or meloxicam at a dose of 2 ug/g

body weight (n=6) over the study period starting from day 0. Normal saline was
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administered to normal healthy group (n=4) at the time of immunization of other three
groups. This schedule is based on preliminary results showing that arthritis almost
always developed by day 11 when the above protocol was used (Koga et al., 1980). Dose
of PPS was determined by referring previous studies (Smith et al., 1999). Necropsy were
performed on day 30 under general anesthesia by using isoflurane and euthanized by

cervical dislocation following carbon dioxide (CO,).

4.3.4 Severity of arthritis

Incident of CIA was considered when swelling was observed in at least one digit or
paw. The severity of arthritis was graded in each paw according to the previous study
(Jasemian et al., 2011). Briefly; grade 0= normal, 0.5= light redness of ankle or digits, 1=
mild, but definite redness and swelling of the ankle or wrist, or apparent redness and
swelling limited individual digits, regardless of the number of affected digits, 2=
moderate redness and swelling of ankle, 3= severe redness and swelling of the entire paw
including digits, more than two joints involved, 4= maximally inflamed limb with
involvement of multiple joints. Each hind foot was scored (score left, score right), and a
Score Index was calculated (SI = score left + score right). Further, skin temperature
pattern (local inflammation response in hind feet) of the rats were visualized by infrared
video camera (FLIR i3, FLIR systems Estonia, Estonia) while animals were under
anesthesia with isoflurane. The body weights of the rats were measured from day-0 along
with clinical scores. Animal were observed daily for the following: lameness, loss of
body condition, pain, swelling, abscessation, fistula formation, infection and ulceration at

or near the injection sites.
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4.3.5 Evaluation of paw inflammation

Paw inflammation was quantified based on paw swelling and histological change.
Edema of the hind foot measured by digital caliper (A & D Company Ltd., Tokyo,
Japan), calculating the cross sectional area (in mm?) of the paw and ankle of each hind
foot (Paw: Ap, Ankle: Aa). Each of these areas was normalized to the same hind foot
measured before the onset of treatment (Anormal p, Anormal a) and an Edema Index
(El) was calculated (Ap/ Anormal p, Aa/ Anormal a). The overall EI was determined by
taking the average of the sum of Elleft and Elright (EI = (Elleft + Elright)/2). To
calculate the area of the cross section (elliptical shape) of the paw and ankle two
measurements were made for each section; paw: from side-to-side (a) and from top-to-
bottom (b); ankle: from side-to-side (a) and from front to-back (b) at a 45° angle (Earp et
al., 2008). The ellipse area was calculated by: Area= m. (a/2). (b/2). Paw volume was
measured on days 0, 4, 8, 12, 18, 21, 26, 28 and 30.

On day 30, rats were euthanized by asphyxiation in CO, and the right hind limb of all
the rats was fixed in 10% formaldehyde. Subsequently, the specimens were placed in
formic acid containing decalcifying solution (Herbeta Arzneimittel, Berlin, Germany) for
1 week at 60°C. The decalcified hind legs were embedded in paraffin. Thereafter, 4-um
thick histological sections were cut and stained with H&E and safranin-O fast green.
Comprehensive histologic scoring system with some modifications was used for grade
the inflammatory severity of CIA rats (Brenner et al.,, 2005b). Briefly, tibiotalar,
taluscalcaneal and midfoot joints were histologically scored for selected parameters as
demonstrating in Table 4. Osteoclasts were quantified according to the following score: 0

= normal, 1 = few osteoclasts (5% of affected bone surface), 2 = some osteoclasts (5-
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25% of affected bone surface), 3 = many osteoclasts (30-50% of affected bone surface),

4 = abundant osteoclast (>50% of affected bone surface) (Schett et al., 2009).

4.3.6 Synovial membrane analysis

Synovial membrane was collected at the end of the experiments. Total RNA from
cells was extracted using RNeasy Mini Kit (QIAGEN, Germantown, Maryland, USA)
according to the manufacture’s protocol. Total RNA was quantified by
spectrophotometry at 260 nm. RNA with a 260/280 nm ratio in the range 1.8-2.0 was
considered high quality and then transcribed into cDNA with M-MLV RT kit (Takara
Bio, Tokyo, Japan) according to manufacturer’s recommended procedures. One
microgram of total RNA derived was reverse-transcribed into cDNA with random
hexamers. Cathespin K, TRAP, IL-1p and TNF-a primers (Table 5) were used and PCR
conditions were as follows: denaturation at 95 °C for 30 seconds, annealing temperature
for 1 min, extension at 72 °C for 1 min for 30 cycles, and final extension at 72 °C for 7
min. PCR products were separated on 1.5% agarose gel (BM Equipment, Tokyo, Japan)

and stained with ethidium bromide (Nippon Gene, Tokyo, Japan).

4.3.7 Synovial fluid analysis for biologic markers by ELISA

Synovial fluid was collected at the end of the experiments. Biologic markers, COMP
and TRACP-5b were assessed in synovial fluid by using MBS009757, MBS704438 rat
ELISA kit (MyBiosource Inc., San Diego, CA, USA) according to the manufacturers’
protocols. All assays were performed in triplicate. The overall procedures followed the
manufacturer’s instructions except for the following modifications: All samples were

diluted with 1x phosphate buffered saline (PBS) before adding to the wells. No color-
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giving reagents in the kit were used. The detection range of the COMP assay was 31.2 -

1000 ng/ml and TRACP-5b was 0.312 — 20 miU/ml.

4.3.8 Statistical analysis

Data were analyzed using Statistical Package for the Social Sciences v.16 (SPSS inc.,
Chicago, IL, USA). Statistical significant of gRT-PCR results was determined by one-
way analysis of variance (ANOVA) followed by Bonferroni post hoc test. ELISA data
was analyzed using GraphPad Prism v.7.03 software (San Diego, CA, USA). Non-
normally distributed data were analyzed using the Kruksal-Wallis test followed by the
Mann-Whitney tests to compare two groups. Bonferroni corrections were applied for
multiple comparisons. p-values were adjusted to a given control group for all

comparisons and considered significant when alpha < 0.05 unless otherwise stated.
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4.4 Results

4.4.1 The incidence and severity of arthritis between treatment groups

The macroscopic signs of severe arthritis from day 15 including swelling, redness,
deformity and ankylosis in hind paws and ankle joints were observed. The hind paw of
normal rats showed significant difference from the hind paw of rats from the vehicle
group, whereas arthritic rats treated with PPS and meloxicam showed only redness and
swelling (Fig. 16A). The sign of arthritis started from day 9 of post-collagen
immunization with slight swelling and redness, reaching a significant level (p<0.05) at
day 15 and maintaining its maximum clinical score until day 30 in rats of the vehicle
group (Fig. 16B). On day 30, a significant reduction in the arthritis score was still
observed in PPS and meloxicam treated rats with CIA (mean scores- 2.33 and 0.88,
respectively), compared with that in arthritic rats (Table 6). Furthermore, a 100%
incidence of CIA was observed by day 15 in the vehicle group, whereas 33.3% and
16.7% were seen among PPS and meloxicam by day 18 respectively (Table 6 and Fig.
16B). Thermographic color distribution pattern clearly indicated the variability of body
surface temperature between rats from the four groups (Fig. 17A). Further, joint
degradation of rats in vehicle groups was seen markedly in necropsy compared to that in
rats from the control. There were mild pathological changes of joint components in rats
from PPS and meloxicam groups (Fig. 17B). There was no macroscopic evidence of
either hind paw erythema or edema in normal control rats. Calculated edema index was
not progressively increased from day 21 in PPS and meloxicam groups (p<0.05) (Fig.

17C).
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4.4.2 Effect of PPS on body weight

The rate and the absolute gain in body weight were comparable between SD rats
from normal, vehicle, PPS and meloxicam groups at the first week. Beginning on day 14,
the collagen-challenged rats gained less weight than the normal rats and this trend
continue until day 30. Arthritic rats treated with PPS exhibited a shield on weight loss

when compared with the respective control group (Fig. 17D).

4.4.3 Effect of PPS on CIA histopathology

On day 30, histological evaluation of the paws in the vehicle-treated arthritic animals
revealed signs of severe arthritis with massive mixed (neutrophil, macrophage, and
lymphocyte) inflammatory cell infiltration (Fig. 18A and Table 7 for damage score). In
addition, various histological changes were seen including pronounced synovial
hyperplasia, pannus formation, angiogenesis, synovial infiltration with mononuclear
cells, extensive cartilage and bone destruction as well as cartilage loss of proteoglycan
(proportional to safranin O staining) (Fig. 18B). However, PPS treated rats were able to
preserve nearly normal histological architecture in ankle and knee joints, demonstrating
mild of inflammatory changes as well as restoration of articular cartilage (Fig. 18B).
Synovial mononuclear infiltration was comparatively and significantly attenuated
(p<0.01) in both PPS and meloxicam when compared with CIA rats. No synovial
hyperplasia or pannus extension was observed in the meloxicam group (p<0.01) and only
mild focal synovial hyperplasia and pannus formation was observed in the PPS rat ankles
(p<0.01) (Table 7). Focal and mild synovial fibrosis in PPS and meloxicam treated rats
were also noticed. Marked loss of safranin O staining was observed in ankle joint of CIA
rats was restored by PPS (p<0.05) (Fig. 18B and Table 7). Osteoclasts were quantified at

the site of inflammation and the score of osteoclast in ankle joint of the PPS and
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meloxicam-treated groups was significantly (p<0.05) lower than of the rat ankles from

vehicle group (Fig. 19A, B).

4.4.4 Effect of PPS on mRNA expression and concentration of biomarkers

In order to demonstrate the effect of PPS at the level of mRNA, synovial membranes
were collected to determine the relative expression levels of OC and cytokines gene
markers. Non-immunized group of animals were used as control. Osteoclast marker
genes, CTK and TRAP were markedly suppressed in synovial membrane derived from
the PPS treated group compared with those in the vehicle group, whereas expression of
the cytokines genes IL-1B and TNF-a were attenuated by both PPS and meloxicam
treatment (Fig. 20A, B). The concentration of COMP and TRACP-5b in SF were
considerably elevated with CIA (p<0.05) compared with those in normal rats, whereas

dropped by PPS and meloxicam treatment (Fig. 20C, D).
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Fig. 16 Macroscopic observation of ankle joint of rats on day 30. Rats were
immunized with collagen type Il. A, Arthritic rats in vehicle group have shown redness,
swelling, deformity and ankylosis with severe arthritis (symptoms maximum in the
group), PPS (20 ug/g) treated rat with moderate arthritic symptoms; swelling only with
moderate arthritis, meloxicam treated (2 ug/g) rat showing almost no sign of arthritis and
appeared essentially normal. B, Mean clinical score index of CIA rats reached maximum
score from day 18. Three days of delaying clinical signs were observed in rats treated
with PPS and meloxicam. Data represent mean = SEM and 6 rats per group. Significant
difference normal vs vehicle is indicating as #: p<0.05. Significant difference of vehicle
vs PPS/meloxicam is indicating as *: p<0.05.
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Fig. 17 Effect of PPS on arthritis-related clinic-pathological outcome was shown
after 30 days from primary immunization. Rats were sensitized and challenged to type
I bovine collagen in MDP and incomplete Freund’s adjuvant. Pentosan polysulfate 20
pg/g and meloxicam 2 pg/g were given daily through subcutaneous. A, The infrared
photos show an obvious temperature difference between groups. B, Joint degradation
was shown in representative necropsy images. A smooth and glassy cartilage was
observed in the normal group comparing that in vehicle group where surface abrasions
and fibrotic tissue were observed. C, Mean edema index and D mean weight gain were
shown accordingly. Data represent mean + SEM and 6 rats per group. Significant
difference normal vs vehicle is indicating as #: p<0.05. Significant difference of vehicle
vs PPS/meloxicam is indicating as

* :p<0.05.
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A Normal Vehicle Vehicle + PPS Vehicle + Meloxicam

e s

Fig. 18 Effect of PPS on arthritis-related microscopic changes. Sections were stained
with H&E and safranin-O fast green. A, Histopathological changes of ankle and knee
joints of each group were shown under low magnification. Significant differences in
cellular infiltration, synovial hyperplasia, pannus formation, joint space narrowing,
cartilage destruction and bone erosion in the synovial joints were found between the
vehicle and normal rats. Ankle from an arthritis animal treated with 20 pg/g PPS has
marked synovitis and mild cartilage damage with minimum pannus and bone resorption.
Ankle from an animal treated with 2 pg/g meloxicam has mild inflammatory reactions.
Images are representative of six distinct rats per group. B, Normal animal displays
normal synovium and articular cartilage, whereas as knee from vehicle group displays
severe synovitis and severe cartilage destruction which indicates with the color (red)
intensity of safranin-O stain. Articular cartilage was restored with the treatment of PPS.

Pictures are representative of 6 distinct rats per group.
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Osteoclast score

Vehicle PPS Meloxicam

Fig. 19 Osteoclast observation in ankle joint from rats with collagen-induced
arthritis treated with PPS. A, Tissue sections from vehicle group treated with normal
saline; group treated with PPS concentration of 20 pg/g; group treated with meloxicam
concentration of 2 pg/g were stained with H&E. B, Statistical data of osteoclast score in
the knee joints of three different groups. *: p < 0.05 represents significant versus vehicle
group. Data represent mean + SEM and representative of 6 rats per group. Arrow denotes

multinucleated osteoclast-like cells.
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Fig. 20 Effect of PPS on inflammation-related markers of joints. (A, B) Relative
MRNA expression was detected related to osteoclast specific genes; cathepsin k (CTK),
tartrate-resistant acid phosphatase (TRAP) and cytokines, IL-1B, TNF-o in synovial
membrane of rats. Remarkable reduction of osteoclast specific marker genes (PPS:
p<0.001; meloxicam p<0.05) and inflammatory markers (PPS: p<0.05; meloxicam
p<0.05) were detected in synovial membrane derived from rats treated with PPS and
meloxicam. Bars represent mean relative values normalized to GAPDH expression + SD.
(C, D) Concentration of cartilage oligomeric matrix protein (COMP) and tartrate-
resistant acid phosphatase 5b (TRACP-5b) in synovial fluid were measured and noted
significant reduction (p<0.05) with both PPS and meloxicam treatment compared to
those in vehicle group. Data represent mean = SEM and 6 rats per group. Significant
difference normal vs vehicle is indicating as # p<0.05. Significant difference of vehicle
vs PPS/meloxicam is indicating as * p<0.05. (##, ** p<0.001).
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Table 5 Histologic scoring parameters.

Parameters Score 0 Score 1 Score 2 Score 3
1. Infiltrating mononuclear ~ Absent Mild (1-10%) Moderate (11-50%) Severe (51-100%)
cells (five HMF)
2. Synovial hyperplasia Absent Mild (5-10 Moderate (11-20 Severe (>20 layers)
layers) layers)
3. Extens_lon of pannus Absent Mild Moderate Severe
formation
4. Synovial fibrosis Absent Mild (1-10%) Moderate (11-50%) Severe (51-100%)
5. Cartilage erosion Absent Mild (1-10%) Moderate (11-50%) Severe (51-100%)
6. Cartilage degradation
(Based on safranin-O staining of Absent Mild (1-10%) Moderate (11-50%) Severe (51-100%)
proteoglycans)
7. Bone erosion None Minor erosion Moderate erosion Transcortical

(HMF)

(LMF)

erosion

HMF: high-power magnification fields, LMF: low-power magnification fields
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Table 6 Primers used to polymerize the osteoclast and cytokine genes.

Molecule Sense and anti-sense primer (5-3) PCR fragment Sequence
length (base pairs)  reference
Cathepsin K (Corisdeo et al., 2001) CCCAGACTCCATCGACTATCG 330 AF010306
CTGTACCCTCTGCACTTAGCTGCC
TRAP (Lang et al., 2001) CGCCAGAACCGTGCAGA 357 M76110
TCAGGCTGCTGGCTGAC
IL-1B (Kearsey et al., 1996) CAACAAAAATGCCTCGTGC 331 M98820
TGCTGATGTACCAGTTGGG
TNF-a (Kearsey et al., 1996) TACTGAACTTCGGGGTGATCG 292 L00981
CCTTGTCCCTTGAAGAGAACC
GAPDH (Heba et al., 2001) ACCACAGTCCATGCCATCAC 452 NM017008
TCCACCACCCTGTTGCTGTA
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Table 7 Clinical outcome of rats with collagen—induced arthritis treated with PPS

or meloxicam.

Treatment CIA incidence Day of onset Score at onset End score Weight gain %
Vehicle 100% 12+0.57 2+0.76 7.66+0.16 18.86
PPS 33.33% 15+1 1.5+0.5 2.33+0.5* 26.61
Meloxicam 16.66% 15+0.154 0.5+0.5 0.83+0.16** 29.9

Collage-induced rats were dosed with 20ug/g PPS or meloxicam 2ug/g (once a day, from
day 0 to day 30) and quantified incidence rate, clinical score and weight gain. Highest
incidence rate was detected on 18" day. Data are presented as mean + SEM of six
distinct rats. Findings of treatment groups were compared with vehicle group and
represented significant difference as *: p < 0.05; **: p <0.01.
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Table 8 Histological score of rats with collagen-induced arthritis treated with PPS

or meloxicam.

Histological parameter Vehicle PPS Meloxicam
(n=6) (n=6) (n=6)
Synovial mononuclear infiltrate (0-3) 2.8+0.20 0.5+£0.22** 0.16+0.30**
Synovial hyperplasia (0-3) 2.8+0.20 0.83+0.30** 0**
Pannus extension (0-3) 2.8+0.20 0.16+0.16** 0**
Synovial fibrosis (0-3) 2.4+0.24 0.83+0.30** 0.16+0.16**
Cartilage erosions (0-3) 2.4+0.40 0.6£0.33** 0.1+£0.16**
Safranin-O staining (0-3) 2+0.31 0.8+£0.30* 1.16£0.30
Bone erosions (0-3) 2.84£0.20 0.16+0.16** 0.16+0.16**

Histopathological section stained with hematoxylin and eosin and safranin-O fast green
were scaled according to the criteria mentioned in materials and methods. Data are
presented as mean + SEM in six distinct rats. Findings of treatment groups were
compared with vehicle group and represented significant difference as *: p < 0.05; **: p
<0.01.
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4.5 Discussion

Controlling inflammatory reactions is a feasible RA treatment method because the
reaction creates the main problem in RA patients (McNamee et al., 2015; Xue et al.,
2012). The results of the present study verified that the daily subcutaneous
administration of the PPS effectively suppressed the arthritic symptoms of CIA in an
animal model of RA. To discover the pharmacological mechanism of PPS, we
investigated the effect of PPS on the expression of OC and cytokine marker genes as
well as inflammatory response-related biologic markers. Quantitative clinical and
histological arthritic scores consisted of mMRNA expressions of osteoclast (CTK and
TRAP) and cytokines-related (IL-1p and TNF-o) marker genes as well as the
concentration of COMP and TRACP-5 released in SF. In various studies, COMP (Tseng
et al., 2009) and TRACP-5b (Halleen et al., 2000) have shown promise as a diagnostic
and prognostic indicator and as a marker of arthritis severity and the progress of
treatment. Furthermore, both CTK and TRAP are highly expressed in lysosomal
compartments of osteoclasts and are involved in the degradation of bone matrix
throughout homeostatic and pathologic bone remodeling process and serve as
characteristic markers of mature osteoclasts (Costa et al.,, 2011; Hayman, 2008).
Crucially important two key pro-inflammatory cytokines, IL-1p and TNF-o in RA
(Probert et al., 1995) were dropped with both PPS and meloxicam.

The most common clinical outcomes associated with RA are fatigue, malaise,
arthralgia, fever and weight loss. Progressive reduction of body weight has been attained
among arthritic animals during the development of arthritis (Jasemian et al., 2011; Busch

and Engelhardt, 1990). But in the present study, a significant loss in body weight was not
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detected during the period of study. Temperature of joint surface, which correlates with
RA-related pain and stiffness (Jasemian et al., 2011) significantly declined with PPS and
meloxicam treatment compared with that in CIA group. Meloxicam is an NSAID with
analgesic effect and is especially suitable for the treatment of arthritis in animals
(Fiorentino et al., 2008) apart from its gastrointestinal adverse effect (Bloom, 1989).
During last decade, disease-modifying anti-rheumatic drugs and NSAID either
concurrently or in combination has been the major therapy for RA (Gupta and Singh,
2013; Kremer, 2001; Moreland et al., 2001). Apart from their symptomatic relief, the
value of these drugs along with prolong usage is restricted by their toxicity as well as no
significant effect on the underlying disease process (Ahmed et al., 2005). However,
during the period of this study, arthritic rats treated with meloxicam were able show the
apparent clinical and biological improvement through its anti-inflammatory property as
well as suspected chondroprotective effect which is not unanimously supported by
literature reports (Blot et al., 2000; Engelhardt, 1996; Lemmel et al., 1997).

Currently, numerous investigations have demonstrated that naturally-derived
compounds which carry least adverse effect might be useful as novel candidates for RA
therapeutics formulas (Zheng et al., 2014; Choi et al., 2015). Beech wood-derived PPS is
gaining more attention as a source of potential long-term safe pharmaceutical compound
due to its pharmacologic properties (Ghosh and Cheras, 2001; Ghosh et al., 2005;
Herrero et al., 2015; Bansal et al., 1993). From the results of previous in vitro and in vivo
studies, the spectrum of pharmacological activities exhibited by PPS would qualify it as
DMOAD because of its ability to preserve the integrity of the articular cartilage and bone
while improving the quality of the joint SF (Ghosh, 1999; Burkhardt and Ghosh, 1987;

Edelman et al., 1994; Ghosh et al., 1992). The findings of the current study from the RA
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animal model treated with PPS, upgrades the significance of usage of this structure
modifying glycosaminoglycan as an anti-arthritic compound.

On the other hand, OC score was impaired with the treatment of PPS implementing
new target site of PPS and confirming our previous finding on in vitro assays in chapter
4. However, significant reduction of OC score in PPS and meloxicam groups was
detected due to their anti-inflammatory property. Consisting with our previous data, PPS
might carry synergistic effect over the bone erosion through its abilities of anti-
inflammatory and anti-osteoclastogenesis.

Furthermore, a previous study reported that decreasing arthritic symptoms can occur
via a reduction in the formation of new blood capillaries with some agents (angiogenesis)
(Jasemian et al., 2011). The angiogenesis process worsens the inflammatory process as
the fluid from the blood vessels is filtered out into the affected tissue area and causes
edema. This process is very common in any inflammatory reactions, including the
complex inflammatory reaction that occurs in the ankle joints of CIA rats. Another report
revealed that PPS could reduce the expression of angiogenesis-related genes such as
vascular endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP9)
plunging angiogenesis (Zaslau et al., 2006). Further, in the veterinary field from 1996 to
date, there have been few reports about the use of pentosan for OA (Brunnberg et al.,
2002; Henrotin et al., 2005). A recent report from our laboratory showed, PPS involves
in the prevention of intracellular inflammatory responses induced by cytokine in vitro
cultured canine articular chondrocytes (Bwalya et al., 2017). Therefore, current study
might serve as another dimension for understanding the similarities and dissimilarities of
PPS use in inflammation-related joint disease.

For the purpose of determining variation for each disease group, CIA model captured

the data sufficiently well. Finally, several significant findings and trends were seen
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demonstrating improvement with PPS at the day 30 time frame. A significant drawback
for interpretation of these data is the small sample number in short study period with lack
of well-defined endpoint. With that context, extended study period is needed providing
more evidence, including immunohistochemical characterization of inflammatory
infiltrates and fibroblastic transformation to highlight the specific action of both PPS and
meloxicam. These data suggest that there might be a potential to show treatment effect of
PPS for model of RA with greater sample number and selected drug dosing within their

safe margins or even with perhaps sequential evaluation in further clinical trials.
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5. General Conclusions

One of the primary aims of this thesis was studying the differentiation ability of
synoviocytes-derived from inflamed synovial joint of the dogs. Second chapter of this
thesis confirms that the severity of inflammation of joint diseases might affect
multipotency of SM-derived stem cells while maintaining the stem cell population. In
addition, pre-activated MSCs by inflammatory factors might offer a method of
improving the potency of these cells without the need for additional cell number. Further
we can speculate that these SM-derived stem cells are liable to re-establish the imbalance
between OA catabolism and joint anabolism. This study might serve as a platform for
understanding the similarities and dissimilarities of the cellularity in synovitis associated
with common knee injuries. This basic understanding might need to approach therapeutic
targets in inflammation-related arthritis.

One important caveat to these experiments is the method used for canine
osteoclastogenesis from bone marrow-derived hematopoietic stem cells. Variations of
OC differentiation ability of pro-inflammatory cytokines was studied and validated that
cytokines have specific characteristics throughout the osteoclastogenesis process.
Regardless temporal differentiation, TNF-a and IL-17 enhanced OC formation and their
function at particular concentrations. But IL-1p suppressed the osteoclastogenesis at
early phase of the process while stimulating at the late stage. Therefore, additional
studies are needed to test differential effect of other cytokines involved in canine
osteoclastogenesis to identify their roles and implement the therapeutics strategies
targeting bone resorption. Moreover, this study might be a manifesto for future
investigation of finding other factors involved in the IL-1p—induced inhibition of canine

osteoclastogenesis and to unveil the rationale of MMP9 downregulation by IL-17 in
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addition to determine the mechanisms of action of IL-17 in bone erosion. Collectively,
understanding the precise mechanisms of immune-mediated bone destruction would
increase opportunities for target-specific inhibition of bone erosion or osteoporosis. The
identification of the OC and its role in joint destruction has enabled the development of
therapies aimed at reducing its resorptive capacity. Thereby, therapeutic interventions
specifically targeting osteoclastogenesis might enable veterinarians to spare bone mass in
canine patients with arthritis.

The second goal of this study was to identify the effect of pentosan over the
osteoclastogenesis and its function. Thus OC play major role in bone homeostasis, this
study would be a platform and promising launch for further investigation to identify the
intracellular acting sites of PPS and more detailed protein interactions for detailed
therapeutic mechanism of action. In conclusion, PPS exerts its great therapeutic value in
treating osteoporosis and other bone-erosive diseases such as rheumatoid arthritis and
bone diseases associated with excessive bone resorption.

To the best of our knowledge, the present investigation is the first report to evaluate
the therapeutic effects of PPS on RA in the CIA animal model. The present investigation
demonstrates that PPS possesses promising anti-arthritic effects on CIA in rats. The
potential pharmacological mechanism for these effects might be related to the inhibition
of inflammatory reactions during the RA process, whereby PPS suppresses the
expression of pro-inflammatory cytokines, OC markers and concentration of arthritis
biomarkers. Therefore, our results suggest that PPS might be a novel candidate for RA

therapeutic protocol as a safe alternative to existing DMOAD and NSAID.
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7. Abstract of the Dissertation

Pentosan polysulfate: an effective treatment for model of rheumatoid arthritis and

a novel candidate for inhibition of cytokines-induced osteoclastogenesis

Inflammatory joint diseases characterized by abnormal synovial proliferation and
destruction of articular cartilage and bone. The degree of joint damage in inflammatory
joint diseases such as, rheumatoid arthritis (RA) correlates with the number of synovial
macrophages and inflammatory mediators appeared in the thickened synovial lining and
synovial fluid. Comprehensive investigation of biological reaction of inflamed synovial
joints is essential for implementing the treatment strategies by considering pathological
changes. This study was constructed based on two major purposes. Primary objective
was to identify the differentiation potential of synoviocytes and osteoclast; key effector
cells in RA and second is to study the effectiveness of pentosan polysulfate (PPS) over
the osteoclastogenesis and inflammation-related arthritis.

The synovial membrane (SM) is the central area of pathology of osteoarthritis (OA),
RA and other inflammatory joint diseases including canine common knee injuries such
as cranial cruciate ligament rupture (CCLr) and medial patella luxation (MPL). Findings
of current study showed, differentiation capability of SM-derived multipotent stem cells
varies with inflammatory severity occurring in CCLr and MPL. Further, current study
was able to emphasize that pre-activated MSCs by inflammatory factors might offer a
method of improving the potency of these cells without the need for additional cell
number.

Several studies have shown that RA synovial cells release proinflammatory
prostaglandins and cytokines, such as interleukin (IL)-1, tumour necrosis factor alpha
(TNFa), and IL-17, all of which are known to promote osteoclastic bone resorption.

Osteoclastogenic properties of inflammatory cytokines at different time-points of
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osteoclastogenesis were identified. This study might be a manifesto for future
investigation of finding other factors involved in the IL-1p—induced inhibition of canine
osteoclastogenesis and to unveil the rationale of MMP9 downregulation by IL-17 in
addition to determine the mechanisms of action of 1L-17 in bone erosion.

Pentosan polysulfate sodium is a semi-synthetic sulfated polysaccharide drug
manufactured from European beech-wood hemicellulose by sulfate esterification. From
the results of previous in vitro and in vivo studies, the spectrum of pharmacological
activities exhibited by PPS would qualify it as disease-modifying osteoarthritis drug
(DMOAD) because of its ability to preserve the integrity of the articular cartilage and
bone while improving the quality of the joint synovial fluid. Findings of current study
provide useful preliminary information of inhibitory effect of PPS on OC differentiation
and bone resorption by proving treatment option for osteoporosis or other bone diseases
associated with excessive bone resorption and provides useful information for future
pharmacokinetic studies and clinical trials in vivo. Pentosan has been used as a treatment
for variety of inflammatory conditions with an excellent long-term safety profile. One of
the aims of this study was to investigate potential anti-arthritic activity of PPS in
collagen induced arthritis rat. The results of the current in vivo study confirmed that PPS
upgrades the clinical outcome of RA animal model while conserving structural
silhouettes of the joints by possessing its anti-arthritis effect.

Collectively this whole study was able to emphasis that the anti-arthritis and anti-
inflammatory effect of PPS in RA animal model while unveiling it’s another dimension
of mechanism of action on osteoclastogenesis. To achieve this phenomenon, clustered
studies including, understanding differentiation potential of synoviocytes and OC at
inflammatory background added the contextual value and fundamental theories to the

whole study.
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8. Japanese Summary
LR~ My B ) U FOMRARIBEEB KOV A MU A U HRK
BRI LRI OB RIER & L TORE

RAENEBIEIAE TIE, VIR B & B A WA 2 B S O LUVBEEN
Hohnsd, BMEY v~Fel BRI 2 BEEET, BE LB
RPN o~ 07 7 — OB L THELT 5, RIEZTILLTZH
[t & D A 72 ORISR 5 2 AM 7 Fseix. RIS ORERERZE AL % B iR
THZ L EENICEDIBFIEORFBIZIIARAIRTH D, AWFZEIL, RO _DOH
ZUZOWTHE LTz, £ ROV U~ FITB W TEHREREE 2 RO iEiK
HR & B E MR O MEREZ MR~ 5 2 & . Wiz, B RIE bt K OVREN:RS
HiEIC 31T D A~ M (PPS) OIRRBEMIZIR AT 2 Z & &2 BRI
L7z,

IR, ZREREEE, BEE Y U~ T, BTN kRO E G N T M
7 CIZ B U 72 BRI R B EE AR BB M T D, MitORER, A
T FENH W RSO E B N A LRI L 72 BEiR Tld, Enbic > TiHE s
% BHEIN DO RIE D EEE W J o TSI ET 2 2 bl o 43 bRe A & Ak
THZENDrol, EHIT, RIEMAFIT L o TR Z 52T 7 R il
XZ Db EE D Z RSN, B U~ FREEBE N ORI )
SIIRIEWN T m AZ 7T T g o0, A F—nAFr (IL) -1, EEFHEER T

(TNF) -a. IL-1772 EORIEVET A D AA U BEAIILD Z ERDN->TE
. ZNHIETXTHEMIRIC LD BHELFHET HRNTFTHHR, 22T

IL-1 BT & 2 RuE /i b, BREEIZB T DIL-170 X J1 = X L ORI
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Mz, I kb~ b w7 2AAZaTaT A+ —8 (MMP) 95BLINH DR
A 5T LTz,

PPSIT A B L ZHETH Y . FEFET T DT 2 7 kI & - THHA
ELTHRESN TV D, BED invitro <0 in vivo OAFFERE D, PPSIZIX RIS
B - B O PR N ISOIE NI OfE 72 &2 TE 4 BIHITIE (2 k3 2 Ji RRIE A %

(DMOAD) & LCORRNINH D Z ENRENTND, AR TIL, PPSILIE
MR A 2 0 U B FLRRIE oA O 3B ) 722 B WU & £ 5 R OTEIRIRIZ 72 D
ATREME RS X OREIRERERIZ 31T 5 FEPAEFH OMGHI A e fE WA R Shviz, PPSIE
ZOEMMEGICBT 2EWEEEN D RIEMHRE~OIBFRIZIEA LY 52
EWNTRENTE Tz, £2ZT, a7—rrFEaEREagE (7> ) o3 558
HiZANRITHOWTIRGET L7, £ ofR, BIEIRIC & 2 Bk g2 L. BIf
ROMITEZ RO D LN TEXDH I EDREINT,

PLEDOFER G, B 7~ F 7 VEMWIZIS 1T HPPSO R 3~ X PRI
RWRDIRS I, DT LIIPPSORE M LIHI R L BEL T D &E X
bivle, ZOZ L EfEmftT 570, iR E Mo bk A B

L. FRUCBITHPPSOMEZBH SN L,
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