Pharmacological Modulation of Inflammation, Bone Loss and Pain in a Murine Model
of Inflammatory Arthritis

A thesis submitted in fulfilment for degree of
DOCTOR OF PHILOSOPHY
In
The Discipline of Anatomy and Pathology
Adelaide Medical School
The University of Adelaide

By

Bonnie Williams

March 2019

TABLE OF CONTENTS

THESIS ABSTRACT ..................................................................................................... 1
DECLARATION ............................................................................................................ 2
ACKNOWLEDGMENTS .............................................................................................. 3
TABLE OF ABBREVIATIONS .................................................................................... 4
PUBLICATIONS ARISING FROM THIS THESIS................................................... 5
ADDITIONAL PUBLICATIONS ARISING FROM OUTSIDE THIS THESIS..... 6
CHAPTER 1: POTENTIAL THERAPEUTIC TARGETS FOR REDUCING
JOINT DAMAGE IN RHEUMATOID ARTHRITIS ......................... 7
1.1.
1.2.
1.3.
1.4.
1.5.

1.6.
1.7.
1.8.
1.9.

1.10.
1.11.
1.12.

Abstract ................................................................................................................... 7
Statement of Authorship .......................................................................................... 8
Introduction ............................................................................................................. 9
Rheumatoid arthritis in the clinical setting: Assessment of pain and
Inflammation ......................................................................................................... 10
Pathophysiology of rheumatoid arthritis ............................................................... 11
1.5.1. Synovium and fibroblast-like synoviocytes (FLS) ..................................... 11
1.5.2. Bone remodelling in rheumatoid arthritis ................................................. 13
1.5.2.1. Osteoblasts and osteoblastogenesis ............................................ 13
1.5.2.2. Osteoclasts and osteoclastogenesis ............................................. 14
1.5.2.3. The role of osteoclasts in pathological bone loss in
rheumatoid arthritis .................................................................... 17
1.5.3. Cadherins and synovial joints ................................................................... 19
1.5.4. The role of apoptosis in rheumatoid arthritis............................................ 22
1.5.4.1.
The role of intracellular anti-apoptotic molecules for
rheumatoid arthritis pathogenesis .............................................. 26
1.5.4.2.
The role of inhibitory apoptotic proteins (IAP) in
rheumatoid arthritis .................................................................... 28
1.5.5. Crosstalk between apoptosis and autophagy ............................................ 28
Animal models of inflammatory arthritis .............................................................. 29
Imaging techniques in rheumatoid arthritis ........................................................... 31
Current therapies for rheumatoid arthritis ............................................................. 32
Novel therapeutic targets in rheumatoid arthritis .................................................. 34
1.9.1. XIAP as a therapeutic target of intracellular anti-apoptotic
molecules in rheumatoid arthritis ............................................................. 34
1.9.1.1. XIAP inhibition using Embelin for treatment in rheumatoid
arthritis ........................................................................................ 36
1.9.2. Therapeutics targeting NF-kappa B in rheumatoid arthritis ...................... 38
Conclusion ............................................................................................................. 39
Thesis hypothesis and aims ................................................................................... 40
References ............................................................................................................. 41

CHAPTER 2: PHARMACOLOGICAL MODULATION OF AUTOPHAGY AND
APOPTOSIS IN PBMC-DERIVED OSTEOCLASTS AND A
MOUSE MODEL OF INFLAMMATORY ARTHRITIS................. 67
2.1.
2.2.
2.3.
2.4.

2.5.

2.6.
2.7.
2.8.

Abstract ................................................................................................................. 68
Statement of Authorship ........................................................................................ 69
Introduction ........................................................................................................... 72
Methods ................................................................................................................. 75
2.4.1. In vitro osteoclastogenesis assay............................................................... 75
2.4.2. Quantitative real time polymerase chain reaction (qRT PCR) ................. 76
2.4.3. Western blot of P62 and LC3 .................................................................... 76
2.4.4. Immunofluorescent staining of beclin-1, LC3 and P62 ............................. 77
2.4.5. Viability assay ........................................................................................... 77
2.4.6. Tartrate-resistant acid phosphatase (TRAP) staining ............................... 77
2.4.7. Dentine resorption assay ........................................................................... 78
2.4.8. Live cell imaging and transmission electron microscope (TEM) .............. 78
2.4.9. Collagen antibody-induced arthritis mouse model ................................... 78
2.4.10. Clinical analysis of local paw swelling ..................................................... 79
2.4.11. Micro-computed tomography analysis ...................................................... 79
2.4.12. Histological analysis of the radiocarpal joint ........................................... 81
2.4.13. Statistical analysis ..................................................................................... 82
Results ................................................................................................................... 82
2.5.1. HCQ and Embelin alter autophagy related gens beclin-1, P62
and LC3 and suppress NFATc1 expression in human osteoclasts ............ 82
2.5.2. HCQ and Embelin reduced beclin-1 and LC3 protein expression
and increased the number of cells positive for TUNEL ............................ 86
2.5.3. HCQ or Embelin treatment reduced the number of TRAP positive
cells and dentine resorption ..................................................................... 87
2.5.4. 24 hours of HCQ or Embelin treatment induced cells with apoptotic
morphology ................................................................................................ 89
2.5.5. Accumulation of autophagy vesicles and morphological characteristics
of apoptosis following HCQ treatment observed in live cell imaging ....... 90
2.5.6. Clinical evaluation of local inflammation in mouse paws ........................ 92
2.5.7. Micro-CT analysis of bone volume and paw volume ................................ 93
2.5.8. Histological evaluation of inflammation and bone erosion in the
radiocarpal joint ........................................................................................ 95
2.5.9. Apoptosis and LC3 detection in the radiocarpal joint .............................. 97
Discussion ............................................................................................................. 99
Conclusion ........................................................................................................... 106
References ........................................................................................................... 107

CHAPTER 3: THE EFFECT OF AN N-CADHERIN ANTAGONIST,
CRS-066, ON JOINT INFLAMMATION AND BONE LOSS IN A
MURINE MODEL OF INFLAMMATORY ARTHRITIS;
A PILOT STUDY ................................................................................ 115
3.1.
3.2.
3.3.
3.4.

3.5.

3.6.
3.7.
3.8.

Abstract ............................................................................................................... 116
Statement of Authorship ...................................................................................... 117
Introduction ......................................................................................................... 119
Methods ............................................................................................................... 123
3.4.1. Collagen antibody-induced arthritis mouse model ................................. 123
3.4.2. Clinical analysis of paw swelling ............................................................ 124
3.4.3. Micro-computed tomography analysis .................................................... 124
3.4.4. Histological analysis of the radiocarpal joint ......................................... 128
3.4.5. Statistical analysis ................................................................................... 129
Results ................................................................................................................. 130
3.5.1. Clinical evaluation of local inflammation in mouse paws ...................... 130
3.5.2. Micro-CT analysis of bone volume and soft tissue swelling in front and
hind paws ................................................................................................. 133
3.5.3. Histological evaluation of inflammation and bone erosion in the front
paws of mice ............................................................................................ 135
Discussion ........................................................................................................... 139
Conclusion ........................................................................................................... 142
References ........................................................................................................... 143

CHAPTER 4: ASSESSMENT OF INFLAMMATION, BONE LOSS AND PAIN
LIKE BEHAVIOUR IN A COLLAGEN ANTIBODY-INDUCED
ARTHRITIS MOUSE MODEL FOLLOWING TREATMENT
WITH PARTHENOLIDE .................................................................. 151
4.1.
4.2.
4.3.
4.4.

Abstract ............................................................................................................... 152
Statement of Authorship ...................................................................................... 153
Introduction ......................................................................................................... 155
Methods ............................................................................................................... 157
4.4.1. Collagen antibody-induced arthritis model............................................. 158
4.4.2. Clinical analysis of paw swelling ............................................................ 158
4.4.3. Von Frey paw withdrawal test for the assessment of mechanical
allodynia .................................................................................................. 159
4.4.4. Micro-computed tomography analysis .................................................... 159
4.4.5. Histological analysis of the radiocarpal joints and hind paws ............... 162
4.4.6. Statistical analysis ................................................................................... 163
4.5. Results ................................................................................................................. 163
4.5.1. Assessment of local paw inflammation .................................................... 163
4.5.2. Assessment of mechanical allodynia ....................................................... 164
4.5.3. Micro-computed tomography analysis of bone volume (BV)
and paw volume (PV) .............................................................................. 169
4.5.4. Histological analysis of the radiocarpal joint ......................................... 175

4.5.5. Histological analysis of the hind paw ..................................................... 178
4.6. Discussion ........................................................................................................... 181
4.7. Conclusion ........................................................................................................... 185
4.8. References ........................................................................................................... 187

CHAPTER 5: EFFECT OF MILD AND MODERATE MONOCLONAL
ANTIBODY DOSE ON INFLAMMATION, BONE LOSS AND
PAIN WITHDRAWAL IN THE COLLAGEN ANTIBODYINDUCED ARTHRITIS MOUSE MODEL ..................................... 194
5.1.
5.2.
5.3.
5.4.

5.5.

5.6.
5.7.
5.8.

Abstract ............................................................................................................... 195
Statement of Authorship ...................................................................................... 196
Introduction ......................................................................................................... 198
Methods ............................................................................................................... 201
5.4.1. Collagen antibody-induced arthritis ....................................................... 201
5.4.2. Clinical analysis of local paw swelling ................................................... 202
5.4.3. Von Frey paw withdrawal test for the assessment of mechanical
allodynia .................................................................................................. 203
5.4.4. Micro-computed tomography analysis .................................................... 203
5.4.5. Histological analysis of the radiocarpal joint ......................................... 206
5.4.6. Statistical analysis ................................................................................... 207
Results ................................................................................................................. 207
5.5.1. Assessment of paw inflammation and mechanical allodynia .................. 207
5.5.2. Micro-CT analysis of bone volume and paw volume .............................. 211
5.5.3. Histological analysis of the radiocarpal joint ......................................... 215
Discussion ........................................................................................................... 218
Conclusion ........................................................................................................... 222
References ........................................................................................................... 223

CHAPTER 6: THESIS GENERAL DISCUSSION AND FUTURE
CONSIDERATIONS .......................................................................... 230
6.1. Introduction ........................................................................................................ 230
6.2. Discussion and Future Considerations ................................................................ 232
6.2.1. An inflammatory arthritis murine model for evaluation of novel
compounds in rheumatoid arthritis ......................................................... 232
6.2.2. Pain assessment in in vivo models of rheumatoid arthritis ..................... 235
6.2.3. Pharmacological modulation of inflammation, bone loss and pain in a
collagen antibody-induced arthritis (CAIA) mouse model ...................... 237
6.2.3.1. Inhibition of NF-kB signalling in the mild CAIA mouse
Model ......................................................................................... 237
6.2.3.2. Inhibition of N-cadherin the mild CAIA mouse model .............. 238
6.2.3.3. Pharmacological modulation of autophagy and apoptosis
in in vitro and in vivo models .................................................... 240
6.3. Thesis Conclusion ............................................................................................... 242
6.4. References ........................................................................................................... 243

APPENDIX I: CHAPTER 2 SUPPLEMENTAL DATA ...................................... 252

APPENDIX II: PUBLISHED MANUSCRIPTS AS PDFS ARISING
FROM THIS THESIS .................................................................... 255
APPENDIX III: PUBLISHED MANUSCRIPTS AS PDFS ARISING
FROM OUTSIDE THIS THESIS ................................................. 268

THESIS ABSTRACT
Rheumatoid arthritis (RA) is a chronic autoimmune condition, affecting approximately
1% of the population. RA is characterised by a chronic inflammatory response resulting
in destruction of soft and hard tissues within the synovial joints. Disease progression in
RA is complex, with multiple signalling pathways identified as crucial to T-cell mediated
inflammation and increased osteoclastogenesis in the progression of joint destruction.
Cell-adhesion molecules and alterations in apoptotic and autophagic pathways in cells
located in the synovial joints have recently emerged as key components of the progression
of inflammation and bone destruction in RA. Despite the growing knowledge of these
mechanisms, control of bone destruction is still challenging and the prognosis of joint
pain is often poor despite optimal control of inflammation. For this reason, it is imperative
to utilise appropriate cell culture and in vivo models to identify key signalling pathways
and develop targeted therapeutics that may inhibit inflammation, bone destruction and
pain concomitantly upon diagnosis or prior to the onset of visible symptoms. The aim of
this research was to use in vitro human osteoclast assays in conjunction with a modified
collagen-antibody induced arthritis (CAIA) murine model of inflammatory arthritis to
determine the effects of emerging novel compounds on inflammation, bone loss and painlike behaviour. These studies also explored the pathology and progression of pain in a
mild and moderate form of the CAIA model whilst extending micro-computed
tomography analysis to include assessment of local inflammation and bone volume in the
hind paws. The results of these studies support that novel compounds targeting cell
adhesion molecules and NF-B intracellular signalling have the potential to treat
inflammatory induced bone loss. The findings presented also highlight the complex
mechanisms associated with progression of joint destruction and pain-like behaviour in
inflammatory arthritis. Further studies are necessary to elucidate the specific roles of each
novel compound and further test the effectiveness of these compounds as potential
therapies for RA.
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CHAPTER 1: POTENTIAL THERAPEUTIC TARGETS FOR REDUCING
JOINT DAMAGE IN RHEUMATOID ARTHRITIS
B. Williams, A. Dharmapatni, T.N. Crotti
Chapter 1 is an introductory chapter, setting the premise of this thesis. It incorporates a
published review paper: Intracellular apoptotic pathways: a potential target for reducing
joint damage in rheumatoid arthritis. B. Williams, A. Dharmapatni, T.N. Crotti.
Inflammation Research 2018; 67:219-231.

1.1. Abstract
Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease that results in
significant bone erosion. Progressive joint destruction is a hallmark feature of RA and
ultimately leads to severe pain, even when disease progression is maintained through
disease-modifying anti-rheumatic drugs. The chronic inflammatory response involving
pro-inflammatory cytokines, cell adhesion molecules and intracellular signalling
pathways significantly influence the physiological bone remodelling processes within
synovial joints of RA patients. In this chapter, the process of RA disease progression will
be discussed in conjunction with the current understanding of the role of osteoclasts in
inflammatory induced bone loss. Furthermore, murine models are extensively used to
elucidate the pathogenesis of RA, however, limited studies evaluate the effect of disease
progression on pain-like behaviour in preclinical animal models. Evidence published to
date recognises the immense therapeutic potential of modulating cell proliferation or
death, particularly apoptosis, in the synovial joints of RA patients. However, the aim of
most pharmacological therapies in RA is to resolve inflammation, thus control of bone
destruction is still a challenging problem and pain-like behaviour persists. Nonetheless,
it is evident that novel therapeutics that manage the chronic inflammatory response, in
addition to the altered bone remodelling process and progression of pain-like behaviour
is needed to improve RA disease outcomes.

7

Chapter 1: Overview of Current Literature

1.2. Statement of Authorship

8

Chapter 1: Overview of Current Literature

1.3. Introduction
Rheumatoid arthritis (RA) is a common, chronic autoimmune condition that demonstrates
an exuberant chronic inflammatory reaction resulting in destruction of both soft and hard
tissues within the synovial joints (1, 2). Specifically the metacarpo-phalangeal, proximal
interphalangeal, mid-carpal, radiocarpal, intertarsal and metatarso-phalangeal joints are
affected, leading to chronic pain, progressive functional disability and greater morbidity
(3).

Globally, the prevalence of RA is estimated to be 0.24%, with prevalence being 2 times
higher in females than males (4). Interestingly, data on the prevalence and incidence of
RA display high variability among different geographic areas, possibly due to genetic or
epigenetic conditions, as well as environmental factors (5-9). Despite this, many
population-based studies have reported a prevalence rate of RA closer to 1% (5-9). Within
Australia, RA is the second most common form of arthritis (5), affecting almost 2% of
the national population and comprising 10.8% of the total arthritis population in 2015 (5).
The prevalence of RA is expected to increase substantially over the coming decades, with
the number of people affected in Australia projected to increase from 422, 309 in 2015 to
579, 915 in 2030 (5).

The aetiology of RA still remains unknown, however, activation of the immune system
is fundamental to the pathological changes within the synovial joints and the development
of characteristic hallmark features, including synovial hyperplasia, formation of invasive
pannus tissue and progressive joint destruction (10). Activation of the immune response
leads to the generation of autoantibodies, such as rheumatoid factor and antibodies against
citrullinated peptides/protein (11-13). Progressive joint destruction in RA is dominated
by activated cells of fibroblast and macrophage origin, creating an environment with
increased pro-inflammatory cytokine production, specifically interleukin (IL)-6 and -1β,
and tumour necrosis factor-alpha (TNF-a) (14-16). This array of pro-inflammatory
cytokines continuously released by T cells, B cells, fibroblastic stromal cells,
macrophages and fibroblast-like synoviocytes (FLS) ultimately causes the recruitment,
differentiation and activation of bone resorbing osteoclasts leading to cartilage and bone
destruction at the site of pannus invasion (1, 17-21).
9
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RA patients identify pain as the most-debilitating symptom that they experience. The
prognosis of pain for RA patients is often poor despite optimal control of disease
progression and remission, suggesting a greater understanding of pain is needed in RA
(22, 23). Within the synovial joint, all structures, excluding cartilage are innovated by
nociceptive (pain sensing) neurons. During RA disease progression, when physical and
biochemical changes occur in the joint, the threshold for activation of these peripheral
nociceptive neurons is lowered resulting in allodynia, where an innocuous stimuli
produces pain, and hyperalgesia, where responses to noxious stimuli are enhanced (24).
Pain at the inflamed joints may also arise spontaneously in the absence of an external
trigger (25). Due to the chronic course of RA disease progression, prolonged excitation
of the peripheral nociceptive neurons leads to sensitisation of these neurons, enabling
them to respond more easily to stimuli in a non-inflamed state, resulting in pain even with
optimal control of inflammation or remission (26). Studies also indicate that central pain
processing is augmented in RA patients as they display increased pain sensitivity at
remote non-articular sites as well as at inflamed joints (27-29). RA associated pain is
therefore no longer considered to be solely a consequence of inflammation and joint
destruction. Recent studies have identified that pain can arise prior to disease
manifestations and does not necessarily correlate with the degree of inflammation or
pharmacological management (22, 30-33). Thus, detailed clinical assessment is required
and further research in pre-clinical phases, including animal models of inflammatory
arthritis, is necessary to understand the complex mechanisms that initiate and contribute
to pain progression in RA.

1.4. Rheumatoid arthritis in the clinical setting: Assessment of pain and
inflammation
Currently disease activity is assessed in patients using composite scoring methods such
as the 28-joint disease activity score (DAS 28). The DAS 28 combines patient reported
outcomes on the visual analogue scale of patient assessment of their general health, with
observed and laboratory measured components (34). Based on the current
characterisation and assessment of RA, the aim of most pharmacological therapies is to
resolve the inflammation of the affected synovial joints. Despite major progress in the
treatment of RA, strong unmet medical need remains, as only a minor proportion of
patients reach sustained clinical remission and symptoms of pain persist (22, 35, 36). Over
10
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time joint erosion also becomes progressive and can continue despite suppression of
inflammation (37, 38), thus contributing to the aetiology of RA associated pain (30, 36,
39, 40). Therefore, effective management of RA should involve therapies that target
inflammation, bone destruction and the mechanisms behind pain development
concurrently. This editorial will discuss the effects of the chronic inflammatory response
in RA on synovial joint destruction. In addition, novel therapeutic treatments that target
these destructive mechanisms in RA will be introduced.

1.5. Pathophysiology of rheumatoid arthritis
Joint biology has been researched extensively over the past decades and there is growing
knowledge in the structure and composition of synovial joints (41, 42). The synovial joint
comprises a collection of different tissue types including, synovial membrane and fluid,
articular cartilage and bone, enclosed within a fibrous capsule, allowing the stable
articulation between two or more skeletal elements (42). It is imperative to understand
the development, structure and function of these tissues as damage within the joint can
have debilitating effects.

1.5.1. Synovium and fibroblast-like synoviocytes (FLS)
The synovium is a thin membrane residing between the joint cavity and the fibrous joint
capsule, organised into a synovial lining layer, 1-3 cells thick, and loose connective tissue
(Figure 1.1) (14). The synovial membrane is the main site of immune cell infiltration and
proliferation in RA, resulting in inflammation of the membrane and formation of invasive
pannus tissue (Figure 1.1) (14, 16). The synovial lining layer is comprised of macrophagelining synoviocytes which express markers of haematopoietic origin (43, 44) and FLS
which express markers common to mesenchymal cells and produce the molecular
constituents of the synovial fluid (44). In RA, the synovial lining becomes hyperplastic
and thickens to 10-15 cell layers due to the influx of inflammatory cells and increased
proliferation and survival of resident FLS (45-48). Thus, the degree of synovial
hyperplasia correlates with the severity of cartilage and bone destruction in the synovial
joints of RA patients (20, 21). FLS in RA show an activated destructive phenotype,
independent of the surrounding inflammatory environment (46), however, knowledge
about the mechanisms underlying the permanent activation of FLS in RA is limited.
11
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Activated FLS further enhance and actively contribute to the inflammatory cycle within
RA by producing inflammatory cytokines such as TNF-a, IL-6 and IL-1β, as reviewed
by Choy and Panayi 2001, and Firestein 2003 (49, 50). These cytokines stimulate the
expression of receptor activator of nuclear factor-kappa B (RANK) ligand (RANKL) by
fibroblasts to further enhance osteoclastogenesis within the joint (1, 19). Although
inflammation and disease progression can be efficiently reduced by current therapies,
permanent FLS activation is not completely suppressed, resulting in ongoing joint
destruction and bone erosion in the synovial joints of RA patients.

Figure 1.1. Schematic of the normal morphology of a synovial joint (left) and a
synovial joint in rheumatoid arthritis (right). In a healthy joint, the thin (1-3 cells)
synovial membrane lines the joint. In RA, the synovial membrane becomes hyperplastic
and the joint becomes infiltrated with inflammatory cells. These cells form a pannus tissue
which invades the articular cartilage and stimulates bone destruction by osteoclasts.
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1.5.2. Bone remodelling in rheumatoid arthritis
Bone is a specialised type of connective tissue which undergoes continuous remodelling
to ensure maintenance of constant bone mass and appropriate levels of calcium,
phosphorous and proteins. In healthy adults, bone formation, by osteoblasts, and bone
resorption, carried out by osteoclasts, occurs concurrently and balance exists, with no net
change in bone volume occurring (51). If balance of bone resorption and formation is not
maintained then pathological bone loss occurs (52). In RA, inflammation and treatment
regimens alter bone turnover. As such, with chronic and recurrent disease activity, both
local and systemic skeletal complications are observed, including focal bone erosions,
juxta-articular osteopenia, periarticular osteoporosis and generalised bone loss.
1.5.2.1. Osteoblasts and osteoblastogenesis
Osteoblasts play a critical role in bone remodelling in normal physiological conditions by
forming and depositing type I collagen, the primary organic component of bone.
Osteoblasts originate from pluripotent mesenchymal stem cells derived from the neural
crest during embryonic development (53, 54). Mesenchymal stem cells have the potential
to differentiate into adipocytes, chondrocytes, myocytes and osteoblasts (53).
Commitment of pluripotent mesenchymal stem cells to osteoprogenitors and the
differentiation of these cells to osteoblasts is known as osteoblastogenesis.
Osteoblastogenesis is a complex process and is dependent on several factors, including
skeletal development, the presence of bone morphogenetic protein (BMP) and
transcription factors, and the activation of signalling pathways (55-57). Activation of the
wingless-type MMTV integration site (Wnt) signalling pathway promotes the
differentiation of progenitor cells into the osteogenic lineage, through β-catenin activation
which upregulates the necessary transcription factors crucial for osteoblast differentiation
(57-60). Formation and activity of these differentiated osteoblasts is then stimulated
through increased intracellular calcium levels via the activation of c-jun N-terminal
kinases (JNKs) and transcription factors including Runt-related transcription factor 2,
nuclear factor of activated T-cells (NFAT) and nuclear factor kappa B (NF-B) (57, 61).
Once differentiated, osteoblasts also play a critical role in supporting and stimulating
osteoclast differentiation (62, 63). Thus, regulation of the signalling pathways and
transcription factors required for osteoblast differentiation may also contribute to the
development and exacerbation of generalised bone loss observed in RA.
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1.5.2.2. Osteoclasts and osteoclastogenesis
Osteoclasts are giant multinucleated (6-12 nuclei) cells formed through the fusion of
mononucleated cells derived from hematopoietic tissue. Osteoclasts are the primary cell
responsible for bone resorption (51, 64-67). The differentiation and maturation of
osteoclasts occurs in close vicinity of mineralised bone, and as such osteoclast precursor
cells migrate from bone marrow into the blood stream to the site of intended bone
resorption (51, 68). Macrophage colony stimulating factor (M-CSF) and RANKL are key
factors for osteoclastic differentiation (69, 70). During osteoclastogenesis, M-CSF
stimulation of osteoclast precursor cells enhances cell survival, promotes differentiation
to the osteoclastic lineage and induces the expression of RANK on osteoclast precursor
cells (69, 71). The RANK/RANKL signalling pathway is central to regulating osteoclast
formation and bone resorption activity both in normal bone remodelling and in
pathological conditions. RANKL is a cytokine in the TNF superfamily and is highly
expressed in osteoblasts (64), bone marrow (72), lymphoid tissue (73), fibroblasts (18)
and dendritic cells (74). RANKL is found both in membrane-bound and soluble forms
released by osteoblasts, T cells and fibroblasts (75-77). Membrane-bound RANKL
however, binds more efficiently to its receptor RANK, which is present on osteoclast
precursor cells (75). The binding of RANKL to RANK on osteoclast precursor cells
initiates a series of intracellular signalling pathways and promotes the expression of key
osteoclast specific genes required to complete the formation, differentiation and
activation of osteoclasts.

The importance of RANK/RANKL signalling in osteoclasts is well established in vitro
(73, 78) and has been demonstrated in vivo in mutant, knockout and transgenic models.
Mice with a disruption in RANK or RANKL show severe osteopetrosis, abnormally
dense bone, due to the inability to produce osteoclasts (79). Consistent with this, RANK
knock-out mice also exhibit severe bone sclerosis due to a lack of osteoclasts (80).
Additionally, the involvement of RANKL in promoting osteoclast activation has been
further shown in a serum transfer model of inflammatory arthritis where TNF-a
transgenic RANKL knockout mice developed inflammation, however lacked osteoclasts
and were resistant to arthritis induced bone destruction (81). This further supports the
importance and role of RANK/RANKL signalling as a key factor in osteoclastogenesis
in both normal physiological and pathological conditions, such as RA.
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NF-B is a widely encountered transcription factor which regulates the expression of
genes that encode cytokines, chemokines, growth factors and cell adhesion molecules in
physiological and pathological conditions (82). NF-B signalling pathways are strictly
regulated to maintain bone homeostasis by cytokines such as RANKL, TNF-a and IL-1β
which differentially regulate classical (canonical) and/or alternative (non-canonical) NFB pathways in osteoclastic cells (Figure 1.2) (82, 83). In the classical NF-B pathway,
NF-B activation causes inhibitor of kappa B (IB) proteins to become phosphorylated
by the macromolecular IB kinase complex (IKK-a and IKK-β). This triggers the rapid
ubiquitination and degradation of IB proteins, allowing NF-B proteins (p50 and p65)
to translocate from the cytoplasm to the nucleus regulating the transcription of several
downstream osteoclast target genes (Figure 1.2) (84). In contrast, the alternative NF-B
pathway involves phosphorylation of IKK-a by NF-B inducing kinase (NIK), which
leads to proteasomal processing of p100 to p52 (85, 86). P52 heterodimers then
translocate into the nucleus to regulate its target genes (Figure 1.2) (85, 86). It is well
established that RANKL activates both classical and alternative pathways of NF-B in
osteoclasts (87). However, the activation of NF-B by TNF-a and IL-1β is restricted to
the classical pathway (Figure 1.2) (87, 88). Thus, the expression of these cytokines and
the resulting activation of NF-B might manifest the outcome of osteoclast-mediated
bone loss in different pathological conditions, including RA.

15

Chapter 1: Overview of Current Literature

Figure 1.2. Nuclear factor-kappa B (NF-B) signalling in osteoclastogenesis. NF-B
proteins reside in the cytoplasm of osteoclast precursor cells. NF-B is activated by the
binding of RANKL to RANK through the classical or alternative pathways and by
binding of TNF to TNFR through the classical pathway (89). Binding of RANKL to
RANK or TNF to TNFR (88) induces classical signalling by recruiting TNFR-associated
factor (TRAF) 6, 2 or 5 to their receptors. This activates a complex consisting of IKK-a,
IKK-β and NF-B essential modulator (NEMO). This leads to phosphorylation of IB-a
and the release of p65/p50 heterodimers, which then translocate to the nucleus (84, 90).
This induces the expression of other transcription factors (c-Fos and NFATc1) necessary
for osteoclast differentiation. The alternative pathway can only be stimulated by binding
of RANKL to RANK, which induces the lysosomal degradation of TRAF 3 through
TRAF 2 and releases NIK to phosphorylate IKK-a and stimulate the proteasomal
processing of p100 to p52 (91, 92). Similar to the classical pathway, p52 heterodimers
translocate into the nucleus and regulate target gene expression necessary for osteoclast
differentiation. IB, Inhibitor of kappa B; IKK-a/β, Inhibitor of kappa B kinase complex
alpha/beta; NEMO, Nuclear factor kappa B essential modulator; NFATc1, Nuclear factor
16
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of activated T cell, cytoplasmic 1; NF-B, Nuclear factor kappa B; NIK, Nuclear factor
kappa B inducing kinase; P, Phosphorylation; RANK, Receptor activator of nuclear factor
kappa B; RANKL, Receptor activator of nuclear factor kappa B ligand; TNF, Tumour
necrosis factor; TNFR, Tumour necrosis factor receptor, TRAF, Tumour necrosis factor
receptor associated factors.

1.5.2.3. The role of osteoclasts in pathological bone loss in rheumatoid arthritis
Osteoclasts are unique in their ability to resorb bone in both physiological and
pathological conditions. Enhanced osteoclastic activity associated with inflammation is a
common feature of many chronic inflammatory diseases, including RA, resulting in the
rapid occurrence of bone loss preceding the development of an inflamed synovium (2,
17). At the synovial joint, the increased production of pro-inflammatory cytokines, TNFa, IL-6, IL-1β and matrix metalloproteinases (MMPs) are involved in the destruction of
the surrounding cartilage and soft tissue. In conjunction with this, the increase in proinflammatory cytokines drives the production of soluble RANKL produced by fibroblasts
and activated T cells (Figure 1.3). This results in excessive binding of RANKL to RANK,
increased activation of the classical NF-B signalling pathway (Figure 1.2) and an
increase in osteoclast number and activity (Figure 1.3).

Multiple human and animal studies provide strong evidence for increased bone resorbing
osteoclasts in the subchondral bone at sites of bone loss where there is inflammatory
arthritis (93, 94). More specifically, large numbers of mononuclear pre-osteoclastic cells
and multinucleated osteoclasts found at the pannus-bone interface at sites of
inflammatory arthritis, were found to express tartrate resistant acid phosphatase (TRAP;
osteoclast-associated gene) mRNA and enzymatic activity (95). This identifies preosteoclastic cells at an intermediate stage of osteoclast differentiation, suggesting that the
upregulation of pro-inflammatory cytokines in pannus tissue is capable of directly or
indirectly stimulating osteoclastogenesis (95). This is further supported by animal studies
which have identified increased NF-B activity in osteoclasts present in the inflamed
joints of arthritic mice (96). In contrast, in the serum transfer model of arthritis previously
discussed, it was found that mice lacking osteoclasts through RANKL knockout were
resistant to inflammatory arthritis induced bone loss (81). Thus, it is evident from these
17
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studies that the RANK/RANKL regulated NF-B signalling pathway may serve as a
potential therapeutic target for osteoclast-associated bone loss in RA and will be
discussed further in chapter four.

Figure 1.3. RANK/RANKL signalling involvement in rheumatoid arthritis.
RANK/RANKL signalling is the key pathway involved in regulating osteoclast formation
and activity in RA. RANKL expressed by osteoblasts, T cells and fibroblasts binds to its
receptor RANK on pre-osteoclasts, causing differentiation and maturation into
multinucleated osteoclasts (18, 64, 73, 74). In RA, the increase in immune cells and
proliferation of fibroblast-like synoviocytes results in increased pro-inflammatory
cytokine production. Inflammatory cytokines enhance the production of soluble RANKL
produced by T cells, further driving NF-B signalling (64, 97). Fibroblast-like
synoviocytes also actively contribute to this process by increasing levels of soluble and
membrane-bound RANKL (1, 19). This ultimately results in excessive binding of
RANKL to RANK on pre-osteoclasts, increased activation of NF-B signalling and
maturation of bone resorbing osteoclasts. Thus, this signalling pathway could be a
potential target for the development of new therapeutics in RA. IL-1, interleukin-1; TNFa, Tumour necrosis factor alpha; RANK, Receptor activator of nuclear factor kappa B;
RANKL, Receptor activator of nuclear factor kappa B ligand.
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1.5.3. Cadherins and synovial joints
Direct cell to cell interactions are essential for the regulation of cell proliferation,
differentiation and survival within the body and is mediated in part by cell adhesion
molecules, known as cadherins (98). Cadherins are a family of single chain
transmembrane glycoproteins that mediate calcium dependent homophilic cell-cell
adhesion (99). These type I integral membrane proteins consist of five extracellular
domains, a single transmembrane domain and a highly conserved cytoplasmic tail (99).
The cytoplasmic tail interacts with β-catenin, linking cadherins to the actin cytoskeleton.
As such, they are likely to be intimately involved in skeletal and joint tissue development
(100, 101). Cadherins are expressed in a tissue-selective manner and different tissue types
can express one or several types of cadherins (102). Thus, it is crucial to understand the
role cadherins have in normal and pathological tissue architecture and development.

Previous studies have identified that RA-FLS express cadherin-11 (CDH11) and in vivo
studies in CDH11-deficiant mice have demonstrated the importance of CDH11 in
synovial lining architecture and inflammation (103-105). Pertinent to this, CDH11 may
be crucial in the development of hyperplastic pannus tissue and cartilage destruction in
RA, as mice deficient in CDH11 demonstrated a hypoplastic synovial lining and
reduction in both the inflammatory response and cartilage destruction (105). As it is
known that different tissue types express multiple types of cadherins, research has now
focused on identifying whether other cadherins are expressed on cells located within the
synovial joints. N-cadherin, a mesenchymal cadherin initially identified in chick retina
(106-110), has now been identified on a broad repertoire of cells, including neural tissue,
retina, endothelial cells, osteoblasts, myocytes and fibroblasts (106, 107, 109). Ncadherin is reported to be involved in normal cardiac and skeletal muscle development,
as well as cartilage development and osteogenic differentiation (106-110). Thus,
discussion of these overlapping, yet distinct roles, between N-cadherin and CDH11
within the skeletal system and synovial lining is emerging within the literature (101, 111).
Currently, in vivo functional studies of N-cadherin are limited, as N-cadherin deletion is
fatal to the mouse embryo (108). However, research is emerging on the role of N-cadherin
in maintaining bone formation and tissue architecture within synovial joints and related
structures (Figure 1.4), thus highlighting its potential involvement in inflammatory bone
loss associated with RA.
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Figure 1.4. The role of N-cadherin in different cell types found within the synovial joint. Expression of N-cadherin in FLS causes cell-cell
adhesion and modulation of the FGF receptor, thus stimulating FLS hyperproliferation (111, 112). N-cadherin in FLS also stimulates the PI-3
kinase/AKT pathway, increasing the presence of anti-apoptotic proteins, inhibiting apoptosis and perpetuating FLS proliferation (113, 114). Ncadherin expression in chondrocytes increases cell-cell adhesion and stimulates the differentiation of chondrocytes, while increased or persistent
expression of N-cadherin results in inhibition of pre-cartilage condensation and decreased chondrocyte formation (115-117). Similar to
chondrocytes, N-cadherin expression in osteoblasts increases cell-cell adhesion and stimulates Wnt/β-catenin signalling, resulting in osteoblast
differentiation. When N-cadherin expression is decreased, osteoblastogenesis is inhibited (118-121). FGF, Fibroblast growth factor; FLS,
Fibroblast-like synoviocyte; PI-3 kinase/Akt, Phosphoinositide 3-kinase/protein kinase B.
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CDH11 expression in FLS has been demonstrated in human and mouse cultured FLS and
in vivo in mouse synovial membranes (103, 111). However, the mechanisms by which Ncadherin acts on FLS to stimulate or inhibit FLS hyperproliferation in RA is still being
investigated. Recent studies have demonstrated an association of N-cadherin with
fibroblast growth factor (FGF) receptor (FGFR) through the fourth extracellular cadherin
domain (112). Increased levels of FGF have been identified in the synovial fluid of RA
patients (122) and increased expression of FGFR is linked to severe joint destruction in
adjuvant induced arthritis in mice (123-125). Therefore, N-cadherin may play an
important role in modulating FGF binding to FGFR and impact FLS activation and
hyperproliferation in RA.

As discussed previously, osteoblastogenesis is a complex process involving the
commitment of mesenchymal stem cells to osteoprogenitors and the differentiation of
these cells into matrix producing osteoblasts. Direct cell-to-cell interactions during
osteoblastogenesis are controlled by cadherins through the binding of β-catenin (101, 118,
126, 127). Cadherins can also modulate signal transduction in osteoprogenitors via
Wnt/β-catenin signalling, thus ultimately stimulating osteoblastogenesis (Figure 1.4)
(119, 120). Genetic ablation of N-cadherin causes a reduction in the expression of βcatenin and overall reduction in cell-cell adhesion of osteoblasts (121). Consequently,
ablation of β-catenin impedes osteoblastogenesis and bone formation, resulting in
impaired bone remodelling and skeletal defects (121).

N-cadherin is increased during early chondrogenic differentiation and progressively
decreases at later stages, thus its role in mediating chondrogenesis has been confirmed in
early chondroblast differentiation (117, 128, 129). Although, in vitro perturbation of Ncadherin inhibits chondrogenesis (130-132), it has also been identified that persistence of
N-cadherin prevents further progression of chondrocyte development (115, 116). This
suggests that either persistence or ablation of N-cadherin may impact chondrocyte
differentiation (Figure 1.4). However, whether N-cadherin is upregulated in RA and thus
preventing chondrocyte development is unknown. Models of N-cadherin inactivation in
normal and RA chondrocytes are needed to further elucidate its role.
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Despite the growing research surrounding N-cadherin, the role of N-cadherin in the
formation of bone resorbing osteoclasts is not well understood. Recently, N-cadherin
expression has been confirmed in mononuclear osteoclast precursors, suggesting that Ncadherin mediated cellular adhesion may contribute to the formation of osteoclasts (133).
However, whether N-cadherin expression is altered in mature osteoclasts during RA
disease progression is still unknown. Osteoclast precursor cells interact closely with
osteoblasts to allow for the binding of RANKL to RANK during physiological and
pathological osteoclastogenesis. N-cadherin in osteogenic cells could therefore modulate
osteoclastogenesis through β-catenin dependent regulation of RANKL expression on
osteoblasts (133). Further research is required to elucidate this relationship and the role
of cadherins, specifically N-cadherin, in osteoclastogenesis and in the context of RA
induced bone erosion. Studies have identified a range of roles for N-cadherin in synovial
joints and illustrate that they could contribute to the overall joint structure and its
destruction during RA disease progression. Thus, N-cadherin provides another target for
the development of new therapies in the hope of targeting specific intracellular pathways
in RA and will be investigated further in chapter three.

1.5.4. The role of apoptosis in rheumatoid arthritis
Recently, characteristic changes of the inflamed synovium in RA have been linked to an
altered apoptotic response of synovial and inflammatory cells (134, 135). Apoptosis is a
form of programmed cell death that plays pivotal roles in embryological cell development
as well as in physiological cell turnover and homeostatic functioning of the body.
Apoptosis is a highly complex process that involves a cascade of molecular events
controlled by different genes and molecular mechanisms (136). The process of apoptosis
occurs through two pathways, the extrinsic, death receptor, pathway and the intrinsic,
mitochondrial, pathway (Figure 1.5).
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Figure 1.5. Extrinsic and intrinsic apoptotic pathways. Modified schematic diagram
of the intrinsic and extrinsic apoptosis pathways (137). AIF, apoptosis-inducing factor;
CAD, caspase-activated DNase; Cyt c, cytochrome c; FADD, Fas associated death
domain; Fas-L, Fas ligand; TNF-a, tumour necrosis factor alpha; TRADD, TNF-receptor
type-1 associated death domain protein; TRAIL, TNF-related apoptosis inducing ligand.
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The extrinsic pathway initiates apoptosis through interaction between ligands (such as
Fas ligand, TNF-a and tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL)) and their transmembrane receptors, which involve death receptors that are
members of the TNF receptor gene superfamily (such as Fas, TNFR1 and TRAIL death
receptor 1 and 2) (138). The sequence of events that characterise the extrinsic pathway
include clustering of death receptors and binding with a homologous trimeric ligand. As
a result, cytoplasmic adapter proteins, which exhibit corresponding death domains
binding with the death receptors, are recruited (139, 140).

In contrast, the intrinsic pathway initiates apoptosis through non-receptor mediated
stimuli including DNA damage, growth factor withdrawal or loss of contact with the
extracellular matrix. These stimuli produce intracellular signals that act directly either
positively or negatively on specific targets within the cell (141). Stimulation of this
pathway leads to changes in the integrity of the mitochondrial membrane resulting in the
loss of mitochondrial transmembrane potential and the release of several pro-apoptotic
proteins such as cytochrome c, apoptosis inducing factor (AIF) and second mitochondrial
activator of caspases (SMAC) (142). These proteins activate the caspase-dependent
mitochondrial pathway (such as caspase 9) through different mechanisms and are
summarised in Table 1.1.
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Table 1.1. Intracellular pro-apoptotic proteins
Protein name
Cytochrome C

Mechanism to activate intrinsic pathway
Binds and activates pro-caspase 9 to form an apoptosome
(143).

Bcl-2 family of pro- Regulation of cytochrome c release from mitochondria.
apoptotic proteins:

Caspase 8 cleavage by Bid to regulate the Fas pathway (144).

Bcl-10, BAX, BAk, Bid, Bad heterodimerize with anti-apoptotic proteins Bcl-xL and
Bad, Bim, Bik and Blk

Bcl-2 to neutralise their protective effect and promote
apoptosis (145).

Second mitochondrial Promotes apoptosis by inhibiting activity of inhibitor of
activator of caspase apoptosis proteins (146).
(SMAC)
Apoptosis

inducing DNA fragmentation and condensation of peripheral nuclear

factor (AIF)

chromatin (147).

Caspase-activated

Caspase-dependent cleavage of nuclear chromatin to produce

DNase (CAD)

oligonucleasomal DNA fragments (148).

These two pathways are linked, with molecules in one pathway influencing those of the
other, and converge at the execution pathway (Figure 1.5) (141). The execution pathway
is characterised by the activation of downstream caspases, such as caspase 3, 6 and 7
(149).

Downstream

caspases

activate

cytoplasmic

endonuclease,

leading

to

morphological changes characteristic of apoptosis, including DNA fragmentation,
degradation of cytoskeletal and nuclear proteins and formation of apoptotic bodies. The
uptake of apoptotic bodies by phagocytic cells is the last step of apoptosis (141).

An imbalance in apoptosis can be a major factor in the development of many human
pathological conditions including cancer, neurodegenerative and autoimmune diseases
(150-152). Currently, research in RA focuses on the theory that the chronic accumulation
of inflammatory cells and osteoclasts in RA synovial joints is due to decreased apoptosis.
Proteins involved in the apoptotic pathway have been identified as potential targets to
modify the pathogenesis of RA. Additionally, these targets may also be involved in the
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actions of existing medications or new therapeutics in RA that have not been fully
elucidated (153).
1.5.4.1. The role of intracellular anti-apoptotic molecules for rheumatoid arthritis
pathogenesis
There is growing research on the role of anti-apoptotic molecules in pathological
conditions and it is now known that several of these anti-apoptotic molecules, including
Bcl-2, FLICE-like inhibitory protein (FLIP) and inhibitory apoptotic proteins (IAP), are
upregulated in RA (Table 1.2). The exact role of Bcl-2 proteins in RA pathogenesis
remains unknown. However, previous studies have identified that the chronic
inflammatory response in RA joints maintains high levels of Bcl-2 family proteins,
specifically Bcl-xL (154), which results in inhibition of apoptosis in various cell types in
the synovial joints of RA patients (155-157). FLIP is a naturally endogenous occurring
anti-apoptotic protein. In vitro and in vivo studies have demonstrated that RA FLS and
macrophages are resistant to Fas-mediated apoptosis due to increased levels of FLIP
expression (Table 1.2) (158-160). It is evident that these intracellular molecules may play
a large role in inhibiting apoptosis of various cell types in the synovial joints of RA
patients (Table 1.2), however there are currently limited compounds which target Bcl-2
proteins, and more specifically, limited FLIP antagonists which have been identified and
assessed in pre-clinical in vitro and in vivo models. Thus, current research has extended
to the role of the IAP family of anti-apoptotic proteins in RA and how modulation of these
molecules may be beneficial in reducing disease progression in RA.
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Table 1.2. Intracellular anti-apoptotic proteins that are upregulated in rheumatoid arthritis joints
Anti-apoptotic Molecule

Mechanism of Apoptosis Inhibition

Bcl-2 family of anti-apoptotic Prevents

apoptosis

proteins:

mitochondrial

Bcl-2, Bcl-xL, BAG, Bcl-w, Mcl-1

cytochrome

by

homeostasis,
c

release

and

Upregulation in RA

maintaining Increased expression of Bcl-2 in FLS correlates with
inhibiting synovial lining thickening and the progression of
controlling inflammation (157, 162).

activation of caspase proteases (161).

Increased expression of Bcl-xL in osteoclasts prolongs life
span in erosive arthritis (163).

FLIP

Prevents association of procaspase 8 with Macrophages in active RA are resistant to Fas-induced
FADD, inhibiting the extrinsic pathway.

apoptosis and have increased levels of FLIP (164).
FLIP positive cells are predominantly present in the lining
and sub lining of synovium in early RA (159, 160).

IAP family of proteins:

Prevents apoptosis by binding to active XIAP is highly expressed in the cytoplasm of CD68 positive

XIAP

caspase 3, 7 and 9, inhibiting both the cells in synovial joints of RA patients (135).
extrinsic and intrinsic pathways.

IAP family of proteins:

Downregulates directly or indirectly both the Highly expressed in cytoplasm of cells in the synovial tissue

Survivin

intrinsic and extrinsic pathways (165).

of active RA patients (135, 166).
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1.5.4.2. The role of inhibitory apoptotic proteins (IAP) in rheumatoid arthritis
The IAP family of anti-apoptotic proteins, inhibits both upstream and downstream
caspases throughout the apoptosis pathway. They are also involved in other cell processes
such as cell cycle regulation, immune function and the activation of immune cells. Eight
different IAPs have been identified and include X-linked IAP (XIAP), ILP-2, cIAP-1,
cIAP-2, ML-IAP, NAIP, survivin and apollon (167). XIAP is the best characterised IAP
as it has the most observable biological properties. XIAP has been shown to be a potent
inhibitor of apoptosis by binding to active caspase 3, 7 or 9 and therefore can inhibit both
extrinsic and intrinsic pathways of apoptosis (168). This is possible as XIAP has three
conserved sequence motifs, the baculovirus IAP repeats (BIR 1-3), which are located at
the amino terminal end of the protein and one zinc finger-like RING which is situated at
the carboxyl terminus and mediates protein-protein interactions (168). XIAP can inhibit
caspase activity through direct binding and this occurs as BIR 3 binds to caspase 9 and
BIR 2 binds to caspase 3 and 7 (169). Dharmapatni et al. 2009 found XIAP to be highly
expressed in the cytoplasm of cells in active RA (135). This elevated expression of XIAP
was found to correlate with CD68 positive cells in the synovium, suggesting that XIAP
is expressed by large numbers of macrophages (135). This supports the possibility that
macrophage apoptosis may also be inhibited by XIAP in the active RA synovium. Thus,
over-expression of XIAP has a major role in maintaining active RA disease progression
through contributing to the inhibition of apoptosis of cells located within the synovial
joints. Therefore, modulating XIAP may be essential for future treatment of RA and will
be discussed in more detail below and in chapter two.

1.5.5. Crosstalk between apoptosis and autophagy
Autophagy is a process which occurs in normal physiological conditions to maintain
homeostasis of a cell, by degradation of unused protein and turnover of damaged
organelles (170). It is an adaptive cell survival mechanism that occurs in response to
cellular stress or nutrition deprivation (170). Autophagy allows cells to sequester
cytoplasmic contents through the formation of autophagosomes; a double membrane
vesicle targeted for degradation by lysosomes (171). Previous research has identified
increased levels of autophagy related genes (Atgs) in TRAP positive multinucleated cells
from RA synovial tissues (172). Suggesting that osteoclasts may use mechanisms of
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autophagy as a means of survival under inflammatory conditions, such as RA. Recently,
TNF-a has also been identified as an inducer of Atgs and autophagy in mouse derived
osteoclasts in vivo (172). Therefore, autophagy upregulation may contribute to both
prolonged survival of osteoclasts and the stimulation of osteoclastogenesis when under
inflammatory conditions. A crosstalk between apoptosis and autophagy has been
demonstrated in recent studies whereby a reduction in apoptosis inversely correlated with
an increase in autophagy in cancer cells (173) and RA synovial tissues (174). Although
reduced apoptosis in the RA synovia has been reported extensively, a regulatory role for
autophagy and its detailed relationship with apoptosis in RA has not been fully explored.
Further investigation into the relationship between apoptosis and autophagy in RA could
identify potential mediators for more targeted treatment of disease activity in RA and will
be discussed further in chapter two.

1.6. Animal models of inflammatory arthritis
Animal models are essential in understanding the pathogenesis of RA as they enable the
progression of local inflammation and joint destruction to be studied, along with other
aspects of RA pathogenesis including pain and other co-morbidities. The development of
RA can be characterised into three stages (20, 175). The initiation phase, which involves
the initial activation of the immune system and inflammatory cascade, the transformation
phase, where the inflammatory process perpetuates, and chronic pathology is established.
The final stage is the effector phase which involves the destruction of the target tissues
resulting in irreversible damage (20, 175). Thus, there are several well-established
inducible and spontaneous animal models available to study the progression of RA
through these key stages (as reviewed by Kannan et al. 2005; (176), Asquith et al. 2009;
(177), and Caplazi et al. 2015; (178)).

Inflammatory arthritis animal models are commonly induced in rats or mice, as they can
both spontaneously develop arthritis or disease can be provoked through the
administration of an arthritogenic stimuli. The most common established models used to
mimic pathogenic features of human RA are adjuvant-induced arthritis (AIA) in rats
(179), collagen-induced arthritis (CIA) or antigen-induced arthritis in rats and mice (180182) and spontaneous models, such as the K/BxN model in mice (183). There are
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currently several comprehensive reviews which discuss these models and their pathogenic
features in comparison to human RA disease progression (184-188). However, despite
each model exhibiting the classical features of RA disease progression, including joint
inflammation, synovitis, pannus formation and bone erosion, each model differs in speed
of disease onset, chronicity, severity and resolution (186). Thus, ongoing comparisons
are required to establish which model is most appropriate for the research question.

Recent studies have extensively used the collagen antibody-induced arthritis (CAIA)
model over other models of inflammatory arthritis due to its speed of disease onset and
high uptake rate in a wider spectrum of mouse strains (189, 190). The CAIA model is an
extension to the classical CIA model, however the commercial availability of a cocktail
of monoclonal antibodies that target type II collagen avoids the need for host generation
of autoantibodies to type II collagen (190). Arthritis in this model is mediated by immune
complex deposition in the joints, recruitment of inflammatory components and is B and
T cell independent (191). This provides a straightforward, rapid and reproducible model
of inflammatory arthritis, resulting in similar pathogenic features to human RA evident
within the effector phase of the disease and is best suited for the study of subacute disease
mechanisms (180, 192).

In the CAIA model, pathogenic features of RA are induced with the combination of a
cocktail of monoclonal antibodies targeting type II collagen in combination with E.coli
lipopolysaccharide (LPS) (190). The strong synergistic effect between the autoantibodies
and LPS increases the incidence and severity of disease within the mice. As a result,
studies modify the dose of autoantibodies and LPS to induce the desired pathogenic
features and severity for their research. Due to this, there is currently a large range of
variability in disease onset and severity within the CAIA mouse model. Recently the
biological properties of RA associated pain have begun to be investigated in preclinical
animal models of inflammatory arthritis (193, 194), as this is recognised by patients and
clinicians as an important morbidity associated with RA, impacting overall wellbeing and
function. However, not all animal models perfectly recapitulate all aspects of human RA
and the correlation between clinical inflammation and RA associated pain requires further
investigation. Thus, future studies are required specifically using the CAIA murine model
of inflammatory arthritis to identify the optimal severity of pathogenic features, which
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allows joint destruction, RA associated pain and potential novel therapeutics to be
investigated concomitantly and will be discussed further in chapter five.

1.7. Imaging techniques in rheumatoid arthritis
Imaging is routinely used in the management of RA and provides objective detection of
disease activity that can predict subsequent bone erosion and disease progression. The
widespread use of imaging in clinical practice supports the use of imaging in both clinical
trials and in vivo animal models of inflammatory arthritis. The growing evidence of the
impact of imaging on the management of RA has resulted in the publication of the
European League against Rheumatism (EULAR) recommendations for the use of
ultrasound, magnetic resonance imaging (MRI) and conventional radiography (CR) in the
diagnosis and management of RA (195). Despite the potential benefits of using these
imaging techniques in clinical RA management, diagnosis of early disease remains
difficult due to their limited specificity (196). Presently, CR is only able to provide
indirect information on synovial inflammation and the technique is insensitive to early
inflammatory bone involvement and overall bone damage (197). Conversely, ultrasound
and MRI are characterised by high sensitivity in depicting local inflammation (198) and
synovitis detected through ultrasound can be more predictive of a therapeutic response
than clinical features of disease activity (199, 200). MRI can also improve the certainty
of a diagnosis in RA and predict disease progression (201-203), as well as, predict
subsequent joint damage through the detection of inflammation even during clinical
remission (204, 205). However, further research is needed to better characterise the
appropriate use of this technology in clinical practice and there are still significant barriers
in using imaging techniques in clinical practice, including cost and accessibility.

The growing understanding of RA pathogenesis and disease progression has recently
been enhanced through novel imaging techniques, such as micro-computed tomography
(CT) in clinical studies and in in vivo animal models of inflammatory arthritis. Micro-CT
is more sensitive in detecting early bone erosions compared to routinely used ultrasound
and MRI, and may be better in identifying bone erosion in the small joints of the hands
and feet (206-209). Micro-CT has been extensively used in rodent models of
inflammatory arthritis (94, 210-212), and has several advantages over ultrasound and
MRI, including high resolution, short acquisition times and simultaneous acquisition of
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all three planes (transverse, coronal and sagittal) (213). Recent studies, including those in
our own laboratory, have utilised micro-CT for the quantification and visualisation of
bone changes at the micrometre level in 3D, in the radiocarpal joints in murine models of
inflammatory arthritis (94, 137, 214, 215). However, the precise measurement of paw
swelling in these models remains limited and is commonly assessed through subjective
methods, such as clinical grading of paw swelling by visual evaluation (216-219). Thus,
our laboratory identified a novel 3D micro-CT image analysis protocol which is capable
of visualising and quantifying both paw swelling and bone erosion in the radiocarpal
joints of mice with inflammatory arthritis using the same micro-CT scan (214). As this is
a non-destructive imaging and quantification technique, it can be used in murine models
of inflammatory arthritis to assess the change of both bone erosion and paw swelling in
3D in the front paws when exposed to different therapeutics. However, the current method
has not been adapted to the hind paws of mice. Thus, as RA effects both the small joints
of the hands and feet, and the CAIA model is induced systemically resulting in all paws
exhibiting pathogenic features of RA, the current 3D micro-CT image analysis protocol
will be optimised throughout this thesis to quantify paw swelling and bone erosion in both
the front and hind paws of mice.

1.8. Current therapies for rheumatoid arthritis
Current clinical guidelines define the overall goal of treatment for RA patients as
remission, or low disease activity when remission is not possible (220, 221). Optimum
disease management is thus important to prevent disease progression and to improve long
term patient outcomes. The range of therapeutic options available for the treatment of RA
has advanced tremendously over the past 30 years (222). Current treatments available and
commonly used in the treatment of RA include non-steroidal anti-inflammatory drugs
(NSAIDs), glucocorticoids, conventional disease modifying anti-rheumatic drugs
(DMARDs) such as Methotrexate and DMARDs of biologic origin, such as TNF-a
inhibitors (223). Although NSAIDs have anti-inflammatory properties, they have little to
no effect on suppression of bone destruction (224). Glucocorticoids have been identified
as having similar effects to NSAIDs in suppressing early inflammation. However, long
term use of glucocorticoids may result in unwanted adverse effects, including
osteoporosis (224, 225). Thus, it is evident that NSAIDs and glucocorticoids are unlikely
to be useful in preventing joint destruction in RA.
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Recently, the beneficial outcomes of conventional DMARD therapy for RA has been
identified with evidence of improvements in joint inflammation and destruction in RA
patients (226-229). Furthermore, studies provide evidence that DMARDs reduce the
chronic inflammatory infiltrate in the synovial membrane by suppression of lymphocyte
proliferation, suppression of neutrophil chemotaxis and inhibition of vascular endothelial
proliferation (230, 231). Methotrexate is the most commonly used DMARD for RA
patients and has been considerably beneficial as a first-line therapy due to it being
relatively safe and well tolerated at therapeutic doses (232, 233). However, 50% of RA
patients are still non-responsive to methotrexate treatment and do not achieve complete
remission (232, 234). Randomised trials in early RA patients have also shown that
monotherapy with methotrexate achieves the target outcome in only one in three patients
(235-237).

A number of therapeutics have recently been developed to target the specific
inflammatory cytokines known to be elevated and responsible for the up-regulation of
osteoclasts in RA, as reviewed by Herman, Kronke and Schett 2008 (238). Biologic
DMARDs, or anti-TNF-a therapy, has become an increasingly popular treatment option
due to its rapid onset of action. There are currently five TNF-a antagonists approved for
treatment of RA and include Adalimumab, Entanercept, Infliximab, Golimumab and
Certolizuman pegol. Anti-TNF-a therapy has been found to reduce synovitis in RA,
however its ability to halt or reduce bone erosion was not supported by studies involving
847 RA patients using biologic DMARDs (239). There are growing concerns around the
development of adverse side effects to biologic DMARDS in addition to the high cost to
patients and evidence that not all patients are responsive to treatment. Recent clinical data
also suggests that bone damage can still occur during anti-TNF-a therapy (240). Of
concern, patients may take time to respond to treatment and clinicians may take
considerable time to identify the appropriate treatment. Meanwhile bone erosion may
ensue. Although multiple animal models and RA patient studies demonstrate the positive
effects of biologic DMARDs in reducing disease activity (235, 241-243) other evidence
suggests biologic DMARDs may not directly inhibit osteoclast-mediated bone
destruction (37, 38), as such bone and cartilage loss may continue. Recent advances in
the understanding of RA pathogenesis has prompted the development of new therapeutic
strategies to reduce inflammation and target osteoclast-mediated bone destruction
33

Chapter 1: Overview of Current Literature

concurrently (244, 245). Thus, new targeted therapies such as XIAP, N-cadherin and NFB inhibitors, as discussed below, have the potential to greatly improve the management
of disease progression in RA.

1.9. Novel therapeutic targets in rheumatoid arthritis
Despite many advances being made in the understanding of cellular and molecular
processes of inflammation and bone destruction in RA, few safe and effective treatments
target both pathological processes. Research into novel treatments to control joint
inflammation and bone destruction in RA is now focused on natural and synthetic
compounds that target apoptosis and specific cytokine-mediated processes.

1.9.1. XIAP as a therapeutic target of intracellular anti-apoptotic molecules in
rheumatoid arthritis
Pro- or anti-apoptotic molecules have the potential to be novel targets for RA treatment,
as promoting apoptosis may be beneficial in reducing RA pathogenic features. As several
intracellular apoptotic inhibitory molecules have been found to be up regulated in RA
(157, 162-164, 166, 215), research now focuses on small molecule forms of these
inhibitors as potential compounds for RA treatment. XIAP is a potent suppressor of
apoptosis, acting directly through the suppression of caspases 3, 7 and 9 (Figure 1.6) (246,
247). XIAP has therefore been identified as a new molecular target in the design of novel
drugs to overcome apoptosis resistance of cells (Figure 1.6). Compounds developed to
inhibit IAP actions are either in the form of normally occurring non-peptide small
molecule inhibitors such as Embelin (Figure 1.6) (248), or synthetic antisense
oligonucleotides and antagonist molecules such as AEG35156, which has been clinically
tested for various cancer treatments (249). Extensive research has identified numerous
anti-inflammatory benefits of Embelin, thus its potential use as a novel therapeutic for
RA treatment will be discussed further.
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Figure 1.6. Proposed influence of antagonists of anti-apoptotic proteins on the
extrinsic and intrinsic apoptotic pathways. Schematic diagram of the intrinsic and
extrinsic apoptosis pathways. In RA, apoptosis is thought to be inhibited by FLIP, IAP
and Bcl-2 proteins. Small molecule forms of these intracellular inhibitory molecules, such
as FLIP antagonists, IAP inhibitors, BH3 mimetics and Smac mimetics are potential
compounds for RA treatment as they can inhibit anti-apoptotic proteins to induce
apoptosis. AIF, apoptosis-inducing factor; CAD, caspase-activated DNase; Cyt c,
cytochrome c; FADD, Fas associated death domain; Fas-L, Fas ligand; FLIP, FLICE-like
inhibitory protein; IAP, inhibitor of apoptosis protein; TNF-a, tumour necrosis factor
alpha; TRADD, TNF receptor type-1 associated death domain protein; TRAIL, TNFrelated apoptosis inducing ligand.
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1.9.1.1. XIAP inhibition using Embelin for treatment in rheumatoid arthritis
Embelin (2, 5-dihydroxy-3-undecyl-1, 4-benzoquinone) is a naturally occurring alkyl
substituted hydroxyl benzoquinone and is an active constituent of the fruit Embelia ribes
BRUM (250). Embelin is a cell permeable non-peptide small molecule inhibitor of XIAP
(251-253). Embelin has been found to have anti-inflammatory, anti-tumour and analgesic
properties, however the precise mechanism underlying the different properties of Embelin
is still unclear. The anti-inflammatory effects of Embelin have been investigated in
several acute and chronic models of inflammation and are reviewed in detail by Williams,
Dharmapatni and Crotti 2018 (see Appendix II) (254).

Extensive research has identified the benefits of Embelin by induction of growth
inhibition and apoptosis in various types of human cancer cells (255-258). Embelin
induces apoptosis in T98G glioma cells, pancreatic cancer, PC-3 prostate cancer and
human leukaemia cell lines with high levels of XIAP and reduced levels of anti-apoptotic
Bcl-2 family proteins (255-257, 259). As inflammatory cells and FLS in the RA synovium
are thought to have similar properties to cancer cells, we propose Embelin may also be
beneficial in the treatment of RA (47, 260).

There is now growing research on the anti-inflammatory and anti-apoptotic properties of
Embelin in the context of RA and it is thought that Embelin may be beneficial in reducing
chronic inflammation and bone erosion in the synovial joints. Embelin can suppress
RANKL-induced osteoclastogenesis from RAW 264.7 cells in vitro (261). In this study,
Embelin dose-dependently decreased the number of TRAP positive cells with almost
complete inhibition post RANKL exposure (261). Embelin also induced apoptosis in
mature osteoclasts, confirmed by increased activation of caspase 3 (261), suggesting that
Embelin may be beneficial in both inhibiting the differentiation of osteoclasts and
inducing apoptosis in mature and active osteoclasts. However, it is not clear if apoptosis
of osteoclasts or inhibition of osteoclastogenesis is due to the inhibition of NF-B, thus
further research to elucidate the cross talk between NF-B and the apoptosis pathway is
required.
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Recently, Embelin has been used to treat inflammation and bone erosion in a CAIA mouse
model (215). In this study, Embelin at 30 mg/kg/day and 50 mg/kg/day suppressed
inflammation clinically and microscopically, with the lower dose of Embelin significantly
reducing inflammation, cartilage and bone degradation and pannus formation in the front
paws of mice (215). This demonstrates that Embelin at a low dose can suppress joint
inflammation and bone erosion in an acute inflammatory arthritis mouse model.
Dharmapatni et al. 2015, also demonstrated that CAIA mice treated with low dose (30
mg/kg/day) Embelin had significantly increased numbers of apoptotic cells in the pannus
of synovial joints as evidenced by increased terminal deoxynucleotidyl transferase nickend labelling (TUNEL) staining (215). These mice also had reduced numbers of TRAP
positive osteoclasts, suggesting that Embelin may be acting to suppress osteoclast activity
as well as initiating apoptosis in these cells (215). However, the exact mechanism of
action of Embelin to reduce bone erosion is still unclear. It is known that Embelin
specifically inhibits XIAP, however, in this study there was no difference in XIAP protein
expression within cells in the pannus, articular cartilage and bone marrow (215). Thus,
the study could not conclude whether Embelin was completing its action by inhibition of
XIAP expression. Although the beneficial effects of Embelin have been highlighted in an
inflammatory arthritis mouse model, future research is required to further identify the
specific mechanism of action and cell targets of Embelin.

Despite promising research into the effects of Embelin in RA, pre-clinical efforts have
been hampered due to its poor aqueous solubility which leads to poor bioavailability via
oral administration. As a result, new techniques and derivatives of Embelin have been
trialled to improve solubility (262, 263). However, further research into these techniques
or the use of Embelin derivatives for RA treatment and whether they will have the same
mechanisms of action is required before clinical trials can be conducted. A possible
alternative to overcome the poor solubility and bioavailability of Embelin is combining
its use with a commonly used DMARD which suppresses autophagy, such as
Hydroxychloroquine (HCQ). Importantly, recent studies have shown to reduce the
occurrence and severity of inflammatory arthritis through suppression of the autophagy
process in vivo (172). Similar to Embelin, the effectiveness of HCQ is limited by its slow
onset of action to prevent bone erosion in RA. Thus, combination of the apoptosis inducer
Embelin and autophagy inhibitor HCQ may enhance the effectiveness in reducing bone
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erosion in RA by targeting both apoptosis and autophagy pathways and will be
investigated further in chapter two.

1.9.2. Therapeutics targeting NF-kappa B in rheumatoid arthritis
An accumulating amount of evidence has shown that modulators of NF-B signalling
have a great therapeutic potential (85). Thus, there is growing interest in the generation
of NF-B inhibitors with a higher specificity and the effectiveness to treat human
diseases. Several natural or synthetic NF-B inhibitors have been identified and
produced, including gliotoxin (264), Curcumin (265) and NEMO-binding peptide (266).
These inhibitors interfere and exert their suppressive effects on NF-B at different target
sites and have successfully demonstrated effectiveness in inhibiting osteoclastogenesis
and bone resorption in vitro and in vivo (82). The effects of selective inhibition of
RANKL-induced NF-B activation for the treatment of pathological bone disorders such
as RA has recently been demonstrated with the compound Parthenolide (PAR).

PAR is a sesquiterpene lactone found in the Asteraceae family of medicinal plants,
including Feverfew (267). PAR has been reported to have both anti-inflammatory and
anti-tumorigenic actions (268, 269) and inhibits the activation of NF-B transcriptional
factors by preventing the degradation of the IB kinase complex (270, 271). PAR has
been found to block bacterial induced osteolysis in mice via inhibition of LPS-induced
NF-B activation (272) as well as inhibit ovariectomy-induced bone loss when
administered at higher doses (3 and 10 mg/kg) (273). The inhibition of NF-B activation
by PAR also reduced methotrexate-induced osteoclastogenesis, in the associated proinflammatory cytokine production and NF-B activation observed as a result of
methotrexate chemotherapy (274). Recently, PAR was demonstrated to inhibit the effects
of pro-inflammatory cytokines on cultured human chondrocytes, as well as attenuate the
progression of CIA in rats (275). This was evident as PAR reduced inflammation and
pannus formation in the proximal and distal interphalangeal joints in CIA rats (275).
However, within this study there was no suppression of generalised osteopenia, nor clear
anti-osteoclastic effects of PAR beyond its anti-inflammatory effect at the inflamed joint
(275). The low PAR dosage (1 mg/kg) thus may not be sufficient to demonstrate a
potential disconnect between synovitis and bone erosion. The recent reported qualities of
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PAR as an anti-inflammatory, anti-osteoclastogenic and anti-tumorigenic compound thus
make it appealing as a potential alternative therapeutic for RA. Preclinical studies for the
application of PAR are currently lacking as further in vivo studies are required to identify
the most suitable dose to reduce both inflammation and bone erosion concurrently. Thus,
the effect of low dose PAR on inflammation, bone erosion and pain like-behaviour in an
in vivo model of inflammatory arthritis will be investigated further in chapter four.

1.10. Conclusion
Significant advances have been made in the understanding of cellular and molecular
processes of inflammation and bone destruction in RA through the extensive and
complementary use of human and in vivo animal studies. Despite this, a strong unmet
medical need remains. Only a minor portion of patients reach sustained clinical remission
and few safe and effective treatments target both inflammation and bone destruction
simultaneously, while also reducing RA associated pain. This has therefore prompted the
development of new therapeutic strategies that can not only reduce inflammation and
osteoclast-mediated bone destruction concurrently but also reduce RA associated pain.
NF-B signalling, cell adhesion molecules and anti-apoptotic proteins have emerged as
new targets in the progression of bone destruction in RA. Further research is required to
understand the specific role these molecules have in osteoclast mediated bone destruction
both in physiological and pathological states. Overall, identification of safe and effective
therapeutics that target inflammation, bone resorption and pain, will not only improve our
treatment of RA, but also other bone loss pathologies.

39

Chapter 1: Overview of Current Literature

1.11. Thesis Hypothesis and Aims
Three hypotheses were proposed. Firstly, that targeting autophagy and apoptotic
pathways individually and simultaneously through pharmacological modulation will
reduce osteoclast activity in vitro and suppress bone resorption in inflammatory arthritis.
Secondly, that topical antagonists targeting N-cadherin will reduce local inflammation
and bone erosion in inflammatory arthritis. The final hypothesis is that inhibition of NFB will reduce local inflammation and bone erosion in inflammatory arthritis. In vitro
studies were carried out with human peripheral blood mononuclear cells (PBMC) with
the addition of the inflammatory cytokine TNF-a to represent an inflammatory stimulus.
In vivo studies were carried out using a mild collagen antibody-induced arthritis (CAIA)
mouse model of inflammatory arthritis.
To test these hypotheses the following 4 aims were addressed:
1.
a. To determine if targeted inhibition of autophagy with HCQ and induction
of apoptosis with Embelin would reduce human osteoclast formation and
bone resorption in osteoclasts derived from human PBMCs stimulated by
the inflammatory cytokine TNF-a.
b. To determine the effects of HCQ, Embelin and the combination of HCQ
and Embelin on local inflammation and bone destruction in a CAIA mouse
model.
2. To investigate the effects of a topical, cell adhesion molecule inhibitor on local
inflammation, pannus formation and bone erosion in a CAIA mouse model.
3. To investigate the effect of the NF-B inhibitor, Parthenolide, on inflammation,
bone erosion and pain-like behaviour in vivo.
4. To optimise the severity of local inflammation and bone destruction and identify
pain-like behaviour in the in vivo CAIA model with an increased dose of
monoclonal antibodies and a low dose of E. coli lipopolysaccharide for more
accurate use of the CAIA model in future investigations.
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Chapter Summary:
The aim of most pharmacological therapies in RA is to resolve inflammation. Whilst
having positive effects on disease activity, bone erosion persists. Recent research has
associated the chronic accumulation of inflammatory cells and osteoclasts in RA synovial
joints, with a decrease in apoptosis, increasing the longevity of the disease processes.
Thus, there is immense therapeutic potential in modulating both cell proliferation and
death in RA synovial joints. As such, in this study, the effects of the apoptosis inducer
Embelin and the autophagy inhibitor Hydroxychloroquine were assessed in both human
osteoclastic cells in isolation and in a mild murine model of inflammatory arthritis.
Chapter 2 has been submitted to Bone for publication and is currently under review.
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2.1. Abstract
Increased inflammatory cell survival and activity during rheumatoid arthritis (RA)
enhances bone destruction. This study aims to target the mechanisms involved in
prolonged cell survival by pharmacological induction of apoptosis with Embelin and
inhibition of autophagy with hydroxychloroquine (HCQ) in TNF-a stimulated PBMC
derived osteoclasts in vitro and in a murine model of collagen antibody-induced arthritis
(CAIA). In vitro, Embelin and HCQ treatment reduced expression of autophagy genes
beclin-1 and LC3, and expression of osteoclast gene NFATc1. Embelin and HCQ
treatments significantly reduced TRAP positive osteoclast formation and dentine
resorption. Embelin significantly reduced paw inflammation by day 5 in CAIA mice
compared to treatment with a combination of Embelin and HCQ (p < 0.05). At end point,
the combination of Embelin and HCQ had reduced paw volume, cellular infiltration and
cartilage and bone degradation as assessed histologically in CAIA mice. These mice also
had significantly higher TUNEL positive cells compared to CAIA untreated mice (p <
0.05). CAIA mice expressed a significantly higher proportion of LC3 positive cells in the
articular cartilage compared to healthy mice (p < 0.005). These results provide
pharmacological evidence of the association between autophagy and apoptosis in human
osteoclastic cells, whilst identifying a possible mechanism and intervention for the
pathological processes of experimental arthritis.
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2.3. Introduction
Rheumatoid arthritis (RA) is a systemic, chronic autoimmune inflammatory disorder
affecting 1% of individuals worldwide (1). Characteristic features of RA pathogenesis
include; synovial hyperplasia, inflammatory cell infiltration, articular inflammation and
invasion of the synovium into the adjacent bone and cartilage (2). The chronic
accumulation of inflammatory cells and bone resorbing osteoclasts within the RA joint is
associated with a decrease in apoptosis, increasing the intensity and longevity of disease
processes (3, 4).

Apoptosis is a form of programmed cell death, eliminating damaged cells via extrinsic
and/or intrinsic pathways, to maintain cell turnover and homeostatic functioning of the
body (5). Interestingly, apoptotic cells are rarely found in synovial tissue from clinical or
experimental rheumatic joints (4, 6). Furthermore, low levels of terminal
deoxynucleotidyl transferase nick-end labelling (TUNEL) positive cells have been
identified in osteoclasts differentiated from blood monocytes of RA patients (7).
Decreased apoptosis in the RA synovium is associated with increased expression of X
linked inhibitory apoptosis protein (XIAP), a potent inhibitor of apoptosis (4, 8).
Subsequently, successful treatment with disease modifying anti-rheumatic drugs
(DMARDs) is reported to result in decreased XIAP expression in RA synovial tissue,
restoring apoptosis (9). Additionally, we have recently observed a reduction in
inflammation and bone erosion in response to XIAP inhibition in a collagen antibodyinduced arthritis (CAIA) mouse model (10).

Embelin (2,5-dihydroxy-3-undecyl-1,4-benzoquinone) is a cell permeable, non-peptide
small molecule inhibitor of XIAP and produces anti-inflammatory, anti-tumour and
analgesic effects (11-13). Extensive oncological research has identified the induction of
apoptotic pathways in human cancer cells by Embelin (14-16). In addition to inducing
apoptosis through XIAP inhibition, Embelin has also been reported to produce antiinflammatory effects through the suppression of CD4+ T-cell infiltration and macrophage
activity (17). Pertinent to this study, Embelin has been shown to suppress RANKL
induced osteoclastogenesis in vitro in RAW 264.7 cells (18).
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We have recently demonstrated beneficial outcomes with Embelin treatment in a CAIA
mouse model (10). In that study, Embelin at 30 mg/kg/day suppressed inflammation with
a significant reduction in the number of inflammatory cells, cartilage and bone
degradation, and pannus formation in the paws of CAIA mice (10). These mice also
showed significantly increased numbers of TUNEL positive apoptotic cells compared to
untreated mice (10). Although not significant, mice treated with Embelin exhibited less
bone erosion compared to CAIA untreated mice (10). This suggests induction of
apoptosis by Embelin may prove effective in reducing bone damage at the joint while
reducing inflammation in RA.

Counteracting and opposing apoptosis is the cell survival mechanism known as
autophagy (19-21). Autophagy is a cellular process in which damaged cytoplasmic
contents are degraded, and the resulting macromolecular constituents are recycled,
maintaining homeostasis in normal physiological conditions (22). Autophagy is
characterised by the formation of double membrane vesicles (phagophores) and the
subsequent formation of autophagosomes that fuse with a lysosome forming a single
membrane autophagolysosome. Lysosomal enzymes then initiate degradation of
sequestered substances without further cell damage (23, 24).

Autophagy is regulated by the complex interaction of autophagy genes with various
signalling pathways, and proteins beclin-1 and LC3 are reported to be central to the
autophagy process (22, 25). P62, an adaptor molecule, contains binding sites for LC3 and
initiates the incorporation of cellular components into the autophagosome (26). The
inverse relationship between autophagy and apoptosis in RA has been supported by
several conflicting studies showing an increase in autophagy proteins, beclin-1 and LC3,
and a decrease in apoptosis within the synovial lining layers (27). In contrast, a decrease
in autophagy and an increase in apoptosis has been observed in vitro in RA T-cells (28).
The contradictory conclusions drawn in these studies justifies the necessity for further
elucidation of this relationship in human osteoclasts and in RA.

Autophagy has been shown to support tumour necrosis factor-a (TNF-a) induced bone
resorption in experimental RA (29). In this study, the upregulation of beclin-1 expression
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in human osteoclasts was found to result in induction of osteoclast specific genes
including, nuclear factor of activated T cells cytoplasmic 1 (NFATc1), osteoclastassociated receptor (OSCAR), tartrate resistant acid phosphatase (TRAP) and calcitonin
receptor (CTR) (29, 30). LC3 is also known to be essential for ruffled border formation
in the osteoclast, thus regulating osteoclast secretions and bone resorption in vitro and in
vivo (31). Reduced apoptosis in the RA synovia has been extensively reported (32),
however a regulatory role for autophagy and its effect on apoptosis in RA, specifically in
osteoclasts, is yet to be characterised.

Hydroxychloroquine (HCQ), a traditional and well tolerated DMARD used for decades
to treat RA, has been shown to suppress the autophagy process (33). However, the
molecular pathway of autophagy inhibition by HCQ has not been fully defined. A recent
study by Han et al. 2018, found HCQ to reduce the occurrence and severity of
inflammatory arthritis in a collagen-induced arthritis (CIA) murine model via the
inhibition of T-follicular helper cells (34). This study further elucidates the mechanisms
involved in the suppression of inflammatory arthritis by HCQ and provides greater
evidence of the beneficial effect of HCQ treatment in the initial stages of RA. However,
the effectiveness of HCQ is limited by its slow onset of action to prevent the progression
of bone erosion in RA (33). HCQ has been shown to repress osteoclast formation in vitro
significantly reducing bone resorption through mechanisms distinct from apoptosis (35).
Thus, we propose a combination of HCQ and Embelin will enhance the effectiveness in
reducing bone erosion by repressing further osteoclast formation and inducing mature
osteoclast apoptosis.

We hypothesize that regulating autophagy and apoptotic mechanisms in RA will benefit
current treatments targeting joint destruction and inflammation. To the best of our
knowledge, there are currently no reports on the association between autophagy and
apoptosis in human osteoclasts. To date, the combination of HCQ and Embelin and the
simultaneous autophagy apoptosis readouts have not been investigated, although each of
the drugs have been investigated as individual treatments previously. This study aimed to
investigate the effects of HCQ and Embelin in osteoclasts derived from human peripheral
blood mononuclear cells (PBMC) stimulated by the inflammatory cytokine TNF-a.
Further to this, the effects of HCQ and Embelin, separately and in combination, were
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examined in a CAIA mouse model to identify the autophagy/apoptosis pathway as a
possible novel target for reducing inflammation and joint destruction in RA.

2.4. Methods
Ethics approval was obtained from the University of Adelaide Human Research Ethics
Committee (H-350-2001), in accordance with National Health and Medical Research
Council of Australia guidelines. Informed consent was obtained from all patients. Ethics
approval was also obtained from the Animal Ethics Committee of the University of
Adelaide (M-2015-263) in compliance with the National Health and Research Council
(Australia) Code of Practice for Animal Care in Research and Training. Mice were housed
in approved conditions on a 12-hour light/dark cycle. Food and water were provided ad
libitum.

2.4.1. In vitro osteoclastogenesis assay
Based on previously established methods (36), PBMCs were isolated from 15 ml human
blood buffy coat (n = 4; Australian Red Cross Blood Service) by Ficoll gradient
centrifugation. Monocyte isolates were resuspended in alpha-minimum essential medium
(a-MEM) containing 10% FCS, 2 mM L-glutamine, 50 µg/ml Penicillin and 50 µg/ml
Streptomycin (Invitrogen, ThermoFisher Scientific, California, USA) and seeded at 2 x
106 cells/ml. After 24 hours, non-adherent cells were removed by 2 x 5-minute washes in
fresh media leaving a population rich of monocytes. Monocytes were treated with 25
ng/ml recombinant human (rh) M-CSF (Chemicon International Inc. Millipore, MA) and
cultured for five days prior to the induction of osteoclast differentiation by supplementing
media with rhRANKL (50 ng/ml; day 10; Chemicon International Inc. Millipore, MA).
After initiation of osteoclastic differentiation, cells were stimulated with the proinflammatory cytokine TNF-a (5 ng/ml; day 12) to represent an isolated, TNF-a
mediated, inflammatory response in vitro. After 24 hours of TNF-a stimulation, cells
were treated with either the autophagy inhibitor HCQ (50 µg/ml; (37-39)) or the apoptosis
inducer, Embelin (15 µmol/lt; (18)) for 6 or 24 hours. Control cells were differentiated
using the standard protocol described above. In the absence of treatment, cells were
treated with vehicle Dimethyl sulfoxide (DMSO; 0.01%). Osteoclast formation and
function was confirmed by quantification of TRAP positive cells and the presence of
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resorption pits in whale dentine (described below), respectively. Dose response curve
experiments were performed prior to this report, and experiments were repeated three
times.

2.4.2. Quantitative real time polymerase chain reaction (qRT PCR)
Total RNA was extracted and isolated throughout the in vitro assay using a TRIzol based
method as per manufacturers’ direction (Invitrogen, ThermoFisher Scientific, California,
USA) and converted to complementary DNA (cDNA) through reverse transcription using
the Superscript III kit (Invitrogen, ThermoFisher Scientific, California, USA). Osteoclast
genes (NFATc1, OSCAR, CTR and TRAP) were assessed by qRT PCR to confirm
osteoclast differentiation after addition of RANKL at day 10 and treatment at day 14. The
effect of treatments on osteoclastogenesis, and autophagy and apoptosis associated genes,
including beclin-1, P62, LC3 and caspase 3 and 9, were assessed after 6 and 24 hours.
Primer sequences were as previously published (27, 40). Changes in the expression of the
genes of interest relative to the housekeeping gene hARP were normalised to the
expression of the untreated control cells, presented as 2-ΔΔct (fold increase) (41).

2.4.3. Western blot of P62 and LC3
Cells were lysed using RIPA buffer (Life Technologies, CA, USA). Protein was run on a
12% SDS gel and then transferred to PVDF membrane. The membrane was incubated
with blocking buffer (PBS/5% BSA, R&D System, MN, USA) and then incubated with
mouse anti-human P62 antibody (Ab56416, Abcam, Sapphire Biosciences, NSW,
Australia) or rabbit anti-human LC3 antibody (Ab58610, Abcam, Sapphire Biosciences,
NSW, Australia), as well as beta actin loading control (Ab8226, Abcam, Sapphire
Biosciences, NSW, Australia) overnight. The membrane was then incubated with
secondary antibody goat anti-mouse or anti-rabbit IgG, respectively (H&L), DyLight 800
4X PEG conjugated (SA5-35521, Life Technologies). Bands were visualised using LICOR Odyssey system (LI-COR Biotechnology, Lincoln, NE, USA).
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2.4.4. Immunofluorescent staining of beclin-1, LC3 and P62
Fixed cells were permeabilised with PBS/0.1% Triton X and then incubated overnight
with, rabbit anti-human beclin-1 antibody (20 µg/ml, Ab 16998, Abcam, Sapphire
Biosciences, NSW, Australia), rabbit anti-human LC3 antibody (4 µg/ml, Ab 58610,
Abcam, Sapphire Biosciences, NSW, Australia) or mouse anti-human P62 antibody (10
µg/ml, Ab 56416, Abcam, Sapphire Biosciences, NSW, Australia). Donkey anti-rabbit
Cy5 or goat anti-mouse Alexa 488 (Jackson Immunoresearch) was then added for 30
minutes and Hoechst (Roche Diagnostics, NSW, Australia) was used for nuclear counter
staining. Fluorescence was visualised using a Leica TCS SP5 confocal microscope
(Adelaide Microscopy, University of Adelaide, Australia).
Following immunofluorescent detection of beclin-1 or LC3, cells were incubated with
TUNEL solution (TUNEL Click it, Roche Diagnostics, NSW, Australia), following
manufacturer instructions. Triple staining was also performed using LC3 and P62
antibodies and Hoechst counterstaining (Roche Diagnostics, NSW, Australia) to evaluate
co-localisation between LC3 and P62.

2.4.5. Viability assay
Cells grown at 2 x 105 cells/well in 96 well plates and pre-treated/treated with modulators
as above, were then incubated with WST-1 solution (Roche Applied Science, NSW,
Australia) according to manufacturer instructions. Optical density was read at absorbance
440 nm using an ELISA plate reader (KC4, BioTek Instruments, Winooski, VT, USA)
and results extrapolated from a standard curve.

2.4.6. Tartrate-resistant acid phosphatase (TRAP) staining
Cells grown at 2 x 105 cells/well in 16 well chamber slides were pre-treated/treated as
above and TRAP staining was used to identify pre-osteoclasts/osteoclasts, as previously
published (42). Three regions were captured with a camera attached to a microscope
(Nikon, Japan) and TRAP positive cells with three or more nuclei were counted.
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2.4.7. Dentine resorption assay
Cells grown at 2 x 105 cells/well on dentine in 96 well plates were pre-treated/treated as
above. Cells were detached from dentine slices with 0.5% trypsin/0.25% EDTA, dentine
was washed with PBS, air-dried and carbon coated for scanning electron microscopy
(SEM XL-30, Adelaide Microscopy, University of Adelaide, Australia). Surface dentine
resorption was quantified using Image J V1.47 (National Institutes of Health) (43).

2.4.8. Live cell imaging and transmission electron microscope (TEM)
Immediately following incubation with pharmacological modulators, cells were
visualised under a Nikon Ti E Live Cell microscope (40x objective magnification,
Adelaide Microscopy, University of Adelaide, Australia). Images were captured every 10
minutes for 24 hours. The change in cell size was quantified in four cells from each group
on collated images at 0, 6, 12, 18 and 24 hours using Adobe Photoshop 6 (San Jose, CA,
US) and Image J V1.47.
To identify autophagy vesicles a subset of cells were stained with cyto ID (Enzo Life
Sciences, ENZ 51031-0050), 18-20 hours following treatment, according to manufacturer
instructions (44). Cells were visualised with live cell imaging at 10x objective
magnification. Images were captured every 10 minutes for 2 hours.
Autophagic vesicle formation and morphological apoptotic cell changes following 24
hours of treatment were evaluated using TEM. Cells were fixed in buffered
glutaraldehyde and then embedded in Epon after routine procedures. Ultrathin sections
were photographed using a Philips CM 10 electron microscope (45). Autophagosomes
were identified when a double membrane vesicle was present, while autolysosomes were
distinguished as being single-membrane vesicles containing remnants of the damaged
organelles (46).

2.4.9. Collagen antibody-induced arthritis mouse model
Thirty female Balb/c mice aged six to eight weeks were obtained from the University of
Adelaide Laboratory Animal Services and randomly allocated to five groups (n = 6 per
group): Control (no arthritis), CAIA (arthritis with no treatment), CAIA + Embelin
(arthritis treated with 30 mg/kg/day Embelin), CAIA + HCQ (arthritis treated with 40
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mg/kg/day HCQ) and CAIA + Embelin + HCQ (arthritis treated with a combination of
30 mg/kg/day Embelin and 40 mg/kg/day HCQ).
Arthritis was induced in mice by an intravenous injection (via the tail vein) with 150 µl
(1.5 mg/mouse) of a cocktail of anti-type II collagen monoclonal antibodies (ArthrogenCIAs Arthritogenic Monoclonal Antibodies, Chondrex Inc., Redwood, WA, USA).
Followed by an intraperitoneal injection of 20 µl (10 µg/mouse) of E.coli
lipopolysaccharide (LPS) on day 3, as previously described (10, 47). Control animals
were injected with PBS alone at both time points. 100 µl of Embelin in 1 % DMSO and/or
100 µl of HCQ in PBS was administered in treatment groups via oral gavage, daily, from
day 4 to10.

2.4.10. Clinical analysis of local paw swelling.
Mice were monitored daily using an approved clinical record sheet for arthritis studies to
assess body weight and factors of general health. To assess clinical paw swelling;
individual front and hind paws were examined daily by two observers for the presence of
redness, tenderness, swelling and inflammation using a previously described clinical paw
scoring method (47). For each paw, a score of 1 was given for each red and inflamed digit
and a score from 0-5 was allocated for swelling of the carpal/tarsal and of the wrist/ankle.
The maximum score for each paw was 15, giving a possible total of 60 per mouse (47).

2.4.11. Micro-computed tomography analysis
On day 11, mice were humanely killed via cervical dislocation. All paws were collected,
skinned and fixed in 10% neutral buffered formalin for 24 hours. Bone changes and
swelling of the front paws was assessed using images obtained at 8.5 µm/pixel by a microCT scanner (SkyScan 1076, Bruker, Kontich, Belgium) (47, 48). Paws were scanned at a
source voltage of 55 kV, current 180 µA, isotropic pixel size of 8.5 µm with a 0.5 mm
thick aluminium filter, rotation step of 0.6, frame averaging of 1 and a total scan time of
approximately 35 minutes. Cross-sectional images of the front paws were reconstructed
using a filtered back projection algorithm (N-Recon software, Bruker, Kontich, Belgium)
and saved as 8-bit grey level files (bitmap format). The stack of reconstructed crosssection images of the front paws were re-aligned in 3D with the long axis of the paw
aligned along the inferior superior direction of the images (Dataviewer software, Bruker),
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as previously described (48). Analysis of each front paw used a standardised cylindrical
volume of interest (VOI; 4.5 mm diameter and 2.4 mm length), starting 200 cross-sections
distal and extending to 80 cross-sections proximal to the lower epiphyseal growth plate
of the radiocarpal joint (280 consecutive cross-sections in total, corresponding to a VOI
length of 2.4 mm).

Image thresholding and calculation of bone volume and paw volume:
On the VOI for the radiocarpal joint specified above, the bone volume (BV, in mm3) and
the paw volume (PV, in mm3, which includes the soft tissue surrounding the radiocarpal
joint), were quantified in 3D using uniform thresholding (CT Analyser software, Bruker).
In the grey-level histogram of the reconstructed cross-section images (bitmap format, 256
grey levels, ranging from 0 to 255), the grey level values in the lower range (from 0 to
11) corresponded to air or background, followed in increasing order by values of the soft
tissue (ranging from 12 to 134) and bone (from 135 to 255) (48). Two fixed minimum
threshold values were applied to the specimens for segmentation. One minimum threshold
level was used for segmenting the bone pixels only (from minimum threshold level 135
to maximum 255), leaving air and surrounding soft tissue as background (48-50). The
second minimum threshold level was for segmenting the paw, soft tissue and bone
together (minimum threshold level 12 to maximum level 255), and leaving air as the
background (48-50). By applying the corresponding threshold values to each specimen,
automated calculations were performed of BV and PV (CT Analyser software, Bruker).
The BV was calculated as the volume occupied by the voxels segmented as bone and the
PV was calculated as the volume occupied by the voxels segmented as paw, which
included both bone and soft tissue. After segmentation, for PV measurements, loose
speckles in the segmented images which originated from noise pixels, having their grey
values close to those of soft tissue, were removed. This was completed using a cycle of
the software function ‘sweep’ (CT Analyser software, Bruker) which automatically
removes all but the largest object in 3D volume, maintaining the paw as the largest object.
BV and PV were then quantified using the marching cubes method (CT Analyser
software, Bruker) (51-53).
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2.4.12. Histological analysis of the radiocarpal joint
Following decalcification of the front paws using 10% Ethylene diaminetetraacetic acid
(EDTA), tissue was processed for paraffin embedding and serial sagittal sections of the
radiocarpal joint were cut (5 µm) for histological analysis. Routine haematoxylin and
eosin (H&E) staining was conducted and histological evaluation of the radiocarpal joint
was carried out by two-blinded observers using a previously described semi-quantitative
scoring method (54). The number of inflammatory cells was assessed within the
radiocarpal joint; normal tissue (< 5% inflammatory cells) was scored as 0, mild
inflammation (6-20% inflammatory cells) was scored as 1, moderate inflammation (2150% inflammatory cells) was scored as 2 and severe inflammation (> 51% inflammatory
cells) was scored as 3. Bone and cartilage destruction was also assessed in these paw
sections using a 0-3 scale (0, normal; 1, mild cartilage destruction; 2, evidence of both
cartilage and bone destruction; 3, severe cartilage and bone destruction). Pannus
formation was scored as either 0, no pannus or 1, pannus formation (55).
TRAP staining was conducted on sagittal sections of the front paws to detect the presence
of osteoclasts on the bone surface and pre-osteoclasts in the surrounding soft tissue.
Sections were incubated with TRAP solution at 37˚C for 45 minutes and counterstained
with haematoxylin, as previously described (42, 56). The number of multinucleated
TRAP positive cells (> 3 nuclei) were counted by two blinded observers in a consistent
region of interest (2.16 mm2), to include cells found on the bone surface (54) and within
the surrounding soft tissue of the radiocarpal joint (47).
TUNEL staining was performed on sagittal sections of the front paws using a TUNEL
POD detection kit (Roche Diagnostic, NSW, Australia), as previously published (10).
Tissue sections were incubated with TUNEL solution (enzyme plus label solution).
TUNEL solution (label solution only) was added in the presence of 20 µg/ml DNA-ase
for the positive control to identify the presence of fragmented DNA. Colour was
developed using AEC (Vector Laboratories, CA, USA) and counterstained with
haematoxylin and lithium carbonate. The number of TUNEL positive cells in the
radiocarpal joint (2.16 mm2) was scored by two-blinded observers. A score of 0 was
allocated to < 10% positive cells, 1; 11-25% positive cells, 2; 26-50% positive cells, 3;
51-75% positive cells and a score of 4 if > 75% positive cells.
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Immunohistochemistry staining was also performed on sagittal sections of the front paws
to identify the autophagy molecule LC3 using a Vectastain Elite ABC HRP kit
(Peroxidase, cat no. PK-62000; Vector Laboratories, CA, USA). Tissue was incubated
overnight with LC3 primary antibody (0.65 µg/ml; Cell Signalling Technology, Danvers,
Massachusetts, USA), followed by biotinylated universal secondary antibody and HRP
conjugated Avidin-Biotin complex. Colour was developed using AEC (Vector
Laboratories, CA, USA) and counterstained with haematoxylin and lithium carbonate. As
the pattern of LC3 staining is diffuse within the articular cartilage and LC3 was
exclusively observed in CAIA mice, analysis carried out was based on the presence
(positive) or absence (negative) of LC3 staining.

2.4.13. Statistical Analysis
Statistical analysis was performed using GraphPad Prism® software (V 7.03; GraphPad
Software, La Jolla, CA, USA) and SPSS (version 20; Chicago, USA). Differences
between treatments were analysed using the non-parametric Kruskal-Wallis test. If
significant, differences between two groups were analysed using the Mann-Whitney U
test. Analysis of in vitro qRT PCR data involved repeated measures one-way ANOVA
followed by Tukey’s post hoc test to incorporate donor matching across treatments. A chi
squared test was used to analyse the proportion of positive and negative LC3 stained
paws. A p-value less than 0.05 was considered statistically significant.

2.5. Results
2.5.1. HCQ and Embelin alter autophagy related genes beclin-1, P62 and LC3 and
suppress NFATc1 expression in human osteoclasts
Human osteoclasts grown in an inflammatory state induced by TNF-a, were treated with
Embelin and HCQ to assess the effects on autophagy and apoptosis associated genes.
HCQ significantly reduced expression of the autophagy genes beclin-1 (p = 0.003) and
LC3 (p < 0.0001) at 6 and 24 hours post treatment, respectively, whereas P62 expression
was induced at 24 hours (p = 0.0293; Figure 2.1 and Figure 2.2A). Analysis of protein by
western blot confirms the reduction in LC3 I and the induction of P62 by HCQ (Figure
2.2B). Expression of the genes associated with apoptosis (caspases 3 and 9) were
unchanged by HCQ (p > 0.05). Further to this, a significant reduction in expression of the
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key osteoclast transcription factor, NFATc1, was observed after 6 hours of HCQ
treatment (p = 0.0027). Unexpectedly, TRAP expression increased after 24 hours of HCQ
(p < 0.0093) when compared to untreated cells (Figure 2.1).

Figure 2.1. The expression of autophagy, apoptosis and osteoclast genes following 6
and 24 hours of treatment. Expression of autophagy gene beclin-1, apoptosis genes
caspase 3 and 9 and osteoclast genes NFATc1, OSCAR, CTR and TRAP following 6 and
24 hours of treatment of PBMC-derived osteoclasts with HCQ or Embelin. Control =
cells with no treatment added. Error bars represent standard error of mean (SEM; n = 4
donors, * p < 0.05, ** p < 0.0001 compared to control, ^ p < 0.05 compared to Embelin).
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Embelin produced similar effects to HCQ, as Embelin significantly suppressed beclin-1
(p = 0.0038) and LC3 (p < 0.0001) expression at 6 and 24 hours post treatment,
respectively, and induced P62 at 24 hours both at the mRNA (p = 0.0084) and protein
level (Figure 2.1 and Figure 2.2A and B). Embelin also significantly suppressed NFATc1
expression after 6 hours of treatment (p = 0.0335). Embelin did not induce a significant
increase in the expression of apoptotic factors, caspase 3 and 9, after both 6 and 24 hours
of treatment, when compared to untreated cells (Figure 2.1). However, Embelin
significantly increased caspase 9 mRNA compared to HCQ following 6 hours of
treatment.
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Figure 2.2. The effect of HCQ and Embelin on P62 and LC3 in PBMC-derived
osteoclasts. A. Expression of autophagy genes P62 and LC3 following 6 and 24 hours of
treatment of PBMC-derived osteoclasts with HCQ or Embelin. B. Western blot analysis
of LC3 (upper panel) and P62 (middle panel) protein following 24 hours of treatment
with HCQ or Embelin. β-actin (lower panel) is shown as the loading control, band at 45
kDa. Display of cropped gels is presented for clarity; dotted line delineates cropped
location. C. Optical density of the western blots were quantified. D. Triple staining of
LC3 (red), P62 (green) and Hoescht counterstaining (blue) following treatment with HCQ
and Embelin on day 14 of PBMC-derived osteoclasts; (a) control, (b) HCQ and (c)
Embelin. Control = cells with no treatment added. Error bars represent SEM (n = 4
donors, * p < 0.05, ** p < 0.005, **** p < 0.0001 compared to control).
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2.5.2. HCQ and Embelin reduced beclin-1 and LC3 protein expression and increased the
number of cells positive for TUNEL
Beclin-1,

was

detected

in

the

cytoplasm

of

osteoclastogenic

cells

by

immunofluorescence. Cells treated with either HCQ or Embelin for 24 hours had
decreased fluorescent signal intensity and expression of beclin-1 compared to control
(Figure 2.3A, B & C). Coinciding with this observation, TUNEL positive cells were
greater in HCQ and Embelin treated cells when compared to untreated cells (Figure 2.3).
Dual staining of beclin-1 and TUNEL (Figure 2.3A, B & C) further depict this inverse
relationship between markers of apoptosis and autophagy in response to the induction of
apoptosis with Embelin or the suppression of autophagy with HCQ.
Similar to beclin-1, the expression of cytosolic LC3, was greatly reduced by HCQ or
Embelin compared to control (Figure 2.3D, E & F). Dual staining for LC3 and TUNEL
also demonstrates an inverse relationship between autophagy and apoptosis in cells
treated with either Embelin or HCQ (Figure 2.3D, E & F). Further to this, the adapter
molecule, P62, co-localised with LC3 in osteoclastogenic control cells (Figure 2.2D).
P62-LC3 co-localisation was also observed in HCQ or Embelin treated cells (Figure
2.2D).
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Figure 2.3. Dual staining of beclin-1 and TUNEL, and dual staining of LC3 and
TUNEL on PBMC-derived osteoclasts on day 14. Dual staining of Beclin-1 (red) and
TUNEL (green; A-C) and LC3 (red) and TUNEL (green; D-F) following treatment on
day 14 of PBMC-derived osteoclasts with HCQ or Embelin.

2.5.3. HCQ or Embelin reduced the number of TRAP positive cells and dentine resorption
HCQ or Embelin significantly reduced the number of TRAP positive osteoclastic cells
forming in vitro compared to untreated cells (p = 0.0036 and p = 0.0047 respectively;
Figure 2.4A and B). Further to this, the area of surface resorption of dentine by osteoclasts
was greatly diminished in HCQ or Embelin treated cells (p = 0.0242 and p = 0.0098
respectively; Figure 2.4A and C).
Total cell viability following treatment was assessed by the WST-1 assay. Response to
HCQ and Embelin (p = 0.0052; Figure 2.4D) varied but did not differ statistically from
untreated controls.
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Figure 2.4. TRAP staining, dentine resorption and WST-1 assay 24 hours posttreatment. A. TRAP staining and dentine resorption visualised on scanning electron
microscope post 24 hours of treatment of human osteoclasts with HCQ or Embelin. B.
Quantitation of TRAP positive cells. C. Quantitation of dentine resorption area. D. WST1 assay. Control = cells with no treatment added. Error bars represent SEM. (n = 4 donors;
* p < 0.005 compared to control, ^ p < 0.05 compared to Embelin).
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2.5.4. 24 hours of HCQ or Embelin treatment induced cells with apoptotic morphology
Embelin induced morphological changes consistent with apoptosis at 24 hours as
observed by TEM. This was characterised by the presence of nuclear fragmentation,
chromatin condensation and cell shrinkage (Figure 2.5A). Although HCQ induced
apoptotic changes in some cells (Figure 2.5C), a cell subset with no characteristic
apoptotic changes demonstrated an accumulation of autophagy vesicles (Figure 2.5B).

Figure 2.5. Transmission electron microscope (TEM) images of PBMC-derived
osteoclasts following 24 hours of treatment. A. Ultrastructural features of PBMCderived osteoclasts following treatment with HCQ and Embelin for 24 hours visualised
using TEM. B. Accumulation of autolysosome following treatment with HCQ. C.
Chromatin condensation following HCQ treatment. Single arrows indicate double
membrane autophagosomes, double arrows indicate single membrane autolysosomes and
N indicates nucleus.
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2.5.5. Accumulation of autophagy vesicles and morphological characteristics of
apoptosis following HCQ treatment observed in live cell imaging
Live cell imaging showed that HCQ induced cell shrinkage and cell death in most
osteoclasts at 24 hours (Figure 2.6A). Quantification of percent change in mean cell size
overtime confirmed a reduction in osteoclast size following HCQ or Embelin treatment,
as compared to control cells (Figure 2.6B). In cells stained with cyto ID, there was a
significant increase in the number of autophagy vesicles in HCQ treated cells (p < 0.05)
(Figure 2.6C & D).
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Figure 2.6. Serial measurements of cell size and autophagy vesicle detection using
live cell imaging post-treatment. A. Representative images from live cell imaging at 0,
12 and 24 hours following treatment. B. Average percent change in cell size over 24
hours. C. PBMC-derived osteoclasts at day 14 stained with cyto ID post-treatment to
visualise autophagy vesicles (green dots in cell cytoplasm). D. Percentage of cells that
demonstrate autophagy vesicles following treatment. Error bars represent SEM.
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2.5.6. Clinical evaluation of local inflammation in mouse paws
Induction of CAIA resulted in significant redness, tenderness and inflammation in the
front and hind paws of Balb/c mice (Figure 2.7A). This was evident from day 5 following
LPS administration. On day 5, CAIA mice treated with Embelin had a significantly lower
paw score compared to CAIA mice treated with both HCQ and Embelin (p < 0.05; Figure
2.7B). Following day 5, the paw scores for treated CAIA groups did not significantly
differ among each other and compared to CAIA untreated mice, whereas they were all
significantly higher than control mice.

Figure 2.7. Clinical evaluation of local inflammation. A. Macroscopic appearance of
the front paws; (a) control, (b) CAIA, (c) CAIA + Embelin, (d) CAIA + HCQ and (e)
CAIA + Embelin + HCQ. Paws were imaged at day 7 post-arthritis induction. B. Average
clinical paw scores of each group over 10 days. Error bars represent SEM (n = 6 mice per
group, * p < 0.05 CAIA + Embelin compared to CAIA + Embelin + HCQ).
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2.5.7. Micro-CT analysis of bone volume and paw volume
Representative reconstructed 3D images of the radiocarpal joint, including bone and soft
tissue are shown in Figure 2.8A. The BV measured in the radiocarpal joints did not differ
significantly among groups (Figure 2.8B). Consistent with the clinical evaluation of local
inflammation, diseased mice had a significantly greater PV (up to 44%) compared to
control mice (p = 0.008). However, PV did not significantly differ between CAIA and
CAIA treated mice (Figure 2.8C). Although not significant, CAIA mice treated with
Embelin and HCQ exhibited a smaller PV compared to CAIA alone and to the other CAIA
treated mice (Figure 2.8C).
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Figure 2.8. Effect of CAIA, Embelin and/or HCQ on bone volume (BV) and soft tissue swelling (PV) of the radiocarpal joint assessed by
high resolution micro-CT. A. Three-dimensional micro-CT models of the radiocarpal joint and surrounding soft tissue (indicated in red) in the
right paw. Mean BV (B) and PV (C) expressed in mm3 in the radiocarpal joint as assessed by micro-CT analysis at day 11. Error bars represent
SEM (n = 6 per group, * p < 0.05).
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2.5.8. Histological evaluation of inflammation and bone erosion in the radiocarpal joint
Histological evaluation of sagittal sections of the radiocarpal joint (representative images
in Figure 2.9A and B) showed that CAIA untreated mice had significantly greater scores
for cellular infiltration, cartilage and bone degradation and pannus formation compared
to control mice (p < 0.05; Figure 2.9C). As expected, CAIA + Embelin + HCQ mice
exhibited reduced scores for cellular infiltration, cartilage and bone degradation and
pannus formation compared to CAIA alone and CAIA mice treated with Embelin and
HCQ individually, however not significantly so (Figure 2.9C). There was no significant
difference in the number of TRAP positive multinucleated cells on the bone surface and
within the surrounding soft tissue between all groups (Figure 2.9D & E).
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Figure 2.9. Histological assessment of inflammation and bone loss in the radiocarpal joint. Representative images of sagittal sections of the
radiocarpal joint stained with haematoxylin and eosin (H&E; A, 10x magnification) and tartrate resistant acid phosphatase (TRAP; indicated in
red) with haematoxylin counterstaining (B; 10x magnification); (a) control, (b) CAIA, (c) CAIA + Embelin, (d) CAIA + HCQ and (e) CAIA +
Embelin + HCQ. C. Histological scores of H&E stained sagittal sections of the radiocarpal joint. Average values of TRAP positive multinucleated
cells in each group on the bone surface (D) and within the surrounding soft tissue (E) in a 2.16 mm2 area of the radiocarpal joint. Error bar represents
SEM (n = 12 paws per group).
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2.5.9. Apoptosis and LC3 detection in the radiocarpal joint
TUNEL and LC3 staining was performed on sagittal sections of the front paws to identify
the number of apoptotic cells and the expression of the autophagy molecule LC3, within
the radiocarpal joint (representative images in Figure 2.10A and 2.10B). CAIA mice
treated with Embelin, HCQ and a combination of Embelin and HCQ had a significantly
greater number of TUNEL positive cells compared to CAIA untreated mice in the
radiocarpal joint (p = 0.003, p = 0.0004 and p = 0.001, respectively; Figure 2.10C). No
significant difference was identified in the number of TUNEL positive cells between all
treatment groups (Figure 2.10C).
LC3 expression was observed on the surface of the articular cartilage and cartilage of the
epiphyseal growth plate (Figure 2.10B) and the proportion of LC3 positive staining was
significantly higher (p < 0.005) in all CAIA groups compared to control mice (see
Appendix I, Supplementa1 Table 1 & 2). However, there was no statistically significant
difference in the proportion of positive LC3 staining between all disease and treatment
groups.
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Figure 2.10. Histological assessment of apoptosis and autophagy molecules in the radiocarpal joint. Representative images of sagittal
sections of the radiocarpal joint stained with TUNEL (indicated in red) with haematoxylin counterstaining (A; 10x magnification) and LC3
protein expression (indicated in red) with haematoxylin counterstaining (B; 40x magnification); (a) control, (b) CAIA, (c) CAIA + Embelin, (d)
CAIA + HCQ and (e) CAIA + Embelin + HCQ. C. Semi-quantitative scores of TUNEL positive cells in sagittal sections of the radiocarpal joint
at day 11. Error bars represent SEM (n = 12 paws per group; ** p < 0.01, ***p < 0.0004, compared to CAIA).
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2.6. Discussion
The results of this study suggest a complex relationship between autophagy and apoptosis
during inflammatory processes in vitro and in vivo. Embelin, a small non-peptide inhibitor
of XIAP, was used to assess the effect of inducing apoptosis in osteoclastogenic formation
in vitro and in inflammatory arthritis in vivo. Whereas HCQ, reported to inhibit lysosomal
degradation (33), was used to investigate autophagy, hence we can compare these distinct
mechanisms. From this, we were able to demonstrate the concurrent regulation and cross
talk between these pathways of cell death and survival. In addition, our initial findings
investigating Embelin or HCQ in isolation were extended by assessing the effects of
combining these treatments on inflammation and bone erosion in the CAIA model.

The inflamed RA joint is an environment conducive to enhanced osteoclastogenesis and
bone destruction. RANKL is highly expressed in the RA synovium (57) and is required
for the differentiation of precursors into TRAP positive cells and activation into mature,
active osteoclasts, capable of resorbing bone both in a physiological and pathological
state (3, 58). Inflammatory cytokines, such as TNF-a, are also highly expressed in the
RA synovium (59). These cytokines not only induce additional RANKL on synovial
fibroblasts and T cells, but have a direct stimulatory effect on osteoclast differentiation
and bone resorbing activity (60). The in vitro assay utilised in this study represents this
active, pathological process in isolation. Osteoclast precursors were exposed to both
RANKL and TNF-a to induce cytokine stimulated differentiation of TRAP positive bone
resorbing cells. Cells were then treated with Embelin and HCQ to investigate the effects
on apoptosis and autophagy mechanisms and the therapeutic potential of suppressing
further osteoclast resorption.

The induction of apoptosis using Embelin and the suppression of autophagy with HCQ
produced similar effects in PBMC-derived osteoclasts and were strongly indicated in our
results by TUNEL assay, protein expression and morphological feature analysis using
TEM and live cell imaging. The absence of variations in total cell viability between
treatments and control, as assessed by WST-1, could be related to the specific action of
the compound in osteoclastic cells in vitro, as significant reductions in large TRAP
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positive multinucleated cells were observed, despite maintaining a large presence of
unaffected viable monocytes.

At the gene level, HCQ inhibited beclin-1 and LC3 mRNA. The key osteoclastic
transcription factor, NFATc1 was also suppressed at the mRNA level by Embelin and
HCQ. Unexpectedly, an increase in TRAP mRNA by Embelin and HCQ was observed.
As the transcription factor NFATc1 directly regulates osteoclastic specific genes,
including TRAP, it was expected that mRNA levels of TRAP would also be reduced by
Embelin and HCQ. This discrepancy could be attributed to the transcriptional activities
of pre-formed NFATc1 at the TRAP promoter region (61), prior to the addition of
Embelin and HCQ treatments. Future studies should assess the molecular targets of
NFATc1 at later time points in addition to proteomic confirmation. The relationship of
autophagy inhibition and apoptosis induction was observed in cells treated with HCQ and
Embelin and supported by the observation of reduced belcin-1 and LC3 protein
expression, with concomitant increase in the apoptosis marker TUNEL demonstrated in
dual staining. As a result, our findings partly support the concept of an inverse
relationship between autophagy and apoptosis in human osteoclasts under experimental
conditions. Beclin-1 has been shown to regulate bone marrow macrophage differentiation
into osteoclasts and is also required for RANKL-induced osteoclast differentiation (30).
Beclin-1 knockdown has been shown to suppress RANKL-induced activation of NFATc1
(30). Thus, our study supports these findings, as our data demonstrates the suppression of
beclin-1 genes and protein by HCQ and Embelin in mature osteoclasts ultimately leading
to a reduction of osteoclast formation and activity.

Analyses of gene expression by RT PCR, though very sensitive, inadequately represents
formed protein expression and function, particularly for detecting autophagy flux and end
stage apoptosis when cells have undergone cellular morphological changes (5, 62). The
investigation of these apoptotic and osteoclast related genes is imperative to the
investigation of the molecular pathways of both apoptosis and autophagy. Gene
expression was assessed in conjunction with visualisation and assessment of apoptosis
and autophagy by TEM, the gold standard of autophagy analysis, and TUNEL staining,
which is regarded as a reliable and representative assessment of this stage of apoptosis
(63, 64).
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Recent studies have identified prominent epigenetic modifications involved with
regulating the transcriptional activity of key factors that mediate target gene promoters of
autophagy and apoptosis (65, 66). Such modifications may contribute to the discrepancies
observed between gene and protein expression. Early gene expression (6 hours) of
apoptosis was also investigated in this study, however there were no significant variations
between treatments and control. Further studies including gene expression analyses at
multiple time points in addition to increasing donor pool to reduce donor variability and
isolate the exact stage of altered epigenetic processes and the induction of apoptosis at
the mRNA level are warranted.

It is important to also highlight the dose and time dependent induction of autophagy or
apoptosis by HCQ. Time dependency is evident in our study, whereby autophagy gene
suppression was seen at the earlier time point (6 hours) and apoptosis induction was seen
later at 24 hours (as observed by TUNEL assay, morphological features by TEM and live
cell imaging). It is also possible that the reduction of beclin-1 is associated with the
degradation of beclin-1 by caspase 3, as beclin-1 is a substrate of caspase 3 (67, 68). In
CAIA mice, HCQ did not reduce inflammation as shown by clinical paw assessment on
days 5 through to 7. However, by day 10 HCQ treatment had reduced inflammation in
CAIA mice. This may further indicate that longer treatment duration is needed for HCQ
to induce apoptosis in vivo and therefore reduce inflammation, consistent with what has
been observed in the human application of HCQ (33).

The results of the current study support the recent observations by Both et al. 2018, of
HCQ actions by reducing TRAP positive osteoclast cell formation and bone resorption in
vitro (35). However, we did not observe the anti-catabolic actions of HCQ in vivo, as
reported by Both et al. 2018 both in vitro and in RA patients. This contradiction may be
a result of discrepancies in the pathogenesis or a dose factor and/or longevity of treatment
regimens in patients compared to an experimental arthritis murine model. Further to this,
serum carboxy-terminal collagen crosslinks (CTX) used by Both et al. 2018 (35), as the
surrogate marker of bone damage, is highly sensitive in detecting the products of bone
turnover at the molecular level, whilst the methods utilised in the current study, such as
micro-CT, detect effects on bone at the microscopic level. Previously, Dharmapatni et al.
2015, reported a reduction of serum CTX in the absence of a significant increase in bone
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volume by micro-CT following Embelin treatment in a CAIA murine model (10).
However, this was not replicated in the current murine model as both micro-CT and serum
CTX analyses (see Appendix I; Supplemental Figure 1) confirmed no significant
variations between healthy mice and those with inflammatory arthritis. Future
investigations in experimental RA should complement micro-CT scanning with
additional data such as serum CTX levels.

As expected, HCQ induced the accumulation of autophagy vesicles preceding cell death.
This was observed in a subset of cells via TEM and cyto ID staining. HCQ is known to
inhibit autophagy at the end stage by inhibiting lysosome action, thus HCQ still allows
the fusion between the autophagosome and the lysosome. As the lysosome action is
suppressed, lysosomal degradation of the cargo is inhibited, leading to a decrease in
autophagy flux.

Autophagosome formation involves the recruitment of the P62 adaptor molecule to bind
to phosphatidylethanolamine (PE) conjugated LC3II, located within the membrane of
autophagosomes and autolysosomes (69). Our findings showed an increase in P62 protein
expression and a decrease in cytosolic LC3 expression following HCQ treatment, as
observed in western blot analysis and fluorescent immunocytochemistry. This is
consistent with increased autophagosome formation observed by cyto ID staining. The
decrease in cytosolic LC3 following HCQ treatment observed in this study, thus may
result from the conjugation of LC3I, located within the cytoplasm, with PE to form LC3II
required for the formation of the autophagosomes observed. Further experiments to assess
LC3II expression are warranted to confirm the inhibition of autophagy flux following
HCQ treatment.

We observed an intriguing finding in vivo, where LC3 expression is observed within the
articular cartilage with a significantly higher proportion in CAIA mice compared to
healthy mice. There was no difference observed in the expression of LC3 in the articular
cartilage between treated and untreated CAIA mice, suggesting that LC3 expression has
not been modified by Embelin and/or HCQ in vivo. Studies have identified LC3
expression on chondrocytes (70-72), thus the increase in LC3 expression observed in this
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current study supports a strong association between LC3 positivity and the occurrence of
the disease related to pathological destruction of articular cartilage in RA. Conflicting
findings regarding LC3 expression in human OA cartilage has been reported by Chang et
al. 2013 where an increase in LC3 levels was observed (73). However, Carames et al.
2010 observed a reduction in LC3 expression in OA human articular cartilage indicating
the need for further investigation on the dual role of LC3 as a cytoprotective or cell-death
associated contributor in cartilage degeneration (74).

The autophagy vesicle accumulation following HCQ treatment prior to apoptosis may
also indicate type 2 cell death which refers to cell death with autophagic features.
However, analysis of both morphological changes and biochemical characteristics
support that cell death is most likely by apoptosis. Accumulation of autophagic vacuoles
has been reported to precede apoptotic cell death in prolonged nutrient starvation and as
a result over-activated autophagy and can result in type 2 cell death (20, 75). HCQ
treatment of CAIA mice, resulted in a greater number of TUNEL positive cells in the
radiocarpal joint compared to untreated CAIA mice which supports the notion that HCQ
can induce apoptosis in vivo. The expected synergistic effect of the combined treatment
of Embelin and HCQ on apoptosis and bone preservation was not observed in vivo
compared to untreated CAIA mice. However, future investigations should include dualstaining techniques to identify if specific cell subsets are affected by HCQ and/or Embelin
in vivo to elucidate targeted effects.

Modulation of autophagy molecules by Embelin has been reported in human umbilical
vein endothelial cells. This was associated with reduced cell proliferation and increased
conversion of LC3I to LC3II, which may mirror autophagy cell death (76). However,
Coutelle et al. 2014 proposed that autophagy was not the major mechanism of cell death
induced by Embelin as it was not reversed by the addition of the autophagy inhibitor
Bafilomycin (76). In contrast to our study, induction of autophagy by Embelin was also
reported in the colon carcinoma cell line HCT116 (77). Both studies used greater doses
of Embelin than what was assessed in the present study, and thus may influence its
efficacy. As apoptosis induction by Embelin is known to be rapid, we propose that
inhibition of autophagy by Embelin may occur at a very early stage.
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Embelin administered daily at 30 mg/kg in CAIA mice initially suppressed local
inflammation, as shown by significantly lower clinical paw scores. However, from day 7
when experimental arthritis is thought to reach its peak severity, Embelin had no
significant effect reducing paw inflammation. This contrasts with Dharmapatni et al.
2015 who observed a significant reduction in inflammation by day 10 following Embelin
treatment (10). The combined treatment of HCQ and Embelin showed lower paw scores
from day 8-10, however this was not statistically significant. This was observed in both
the PV (volumetric indicator of soft tissue swelling) assessed by high resolution microCT and histological assessment of inflammatory cell infiltrate in the radiocarpal joints.

The conflicting findings when compared to past studies may also be a result of the
methodology employed to assess paw inflammation. In Dharmapatni et al. 2015 paw
swelling was assessed using a semi quantitative clinical score and histological analyses
(10), while the current study took advantage of the novel method of assessing both bone
and soft tissue volume from micro-CT imaging as an additional quantitative technique to
assess paw inflammation. In the CAIA model, the joints are also randomly affected due
to the systemic administration of monoclonal antibodies targeting type-II collagen (78).
Thus, the large mouse variability in response to both disease and treatment may explain
the results in the current study. There may also be variability in the absorption and
availability of active metabolites of Embelin within the circulation following oral
administration which may have affected the results obtained in the two studies. To
achieve a more effective result in the complex in vivo environment the use of an animal
model that targets specific joints through the intra-articular injection of the antigen, as
well as the intra-articular administration of Embelin may provide a better strategy for
future studies.

The mechanism by which Embelin suppresses bone resorption in pathological conditions
is still unknown and has only been investigated in vivo in a CAIA mouse model.
Dharmapatni et al. 2015 found that mice treated with low dose Embelin exhibited less
bone erosion compared to CAIA untreated mice (10). This was not statistically
significant, however, could be attributed to the small number of paws analysed in that
study. Embelin has also been identified to suppress RANKL induced activation of
osteoclasts via inhibiting NF-B in RAW 264.7 cells (18). In the present study, Embelin
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effectively suppressed the formation and bone resorbing activity of human osteoclastic
cells in vitro through mechanisms associated with the induction of apoptosis. However,
we identified increased TRAP positive osteoclast like cells in the radiocarpal joint, and
although not significant, the lowest BV measurements were observed in CAIA mice
treated with 30mg/kg Embelin compared to CAIA mice treated with HCQ alone or in
combination with Embelin. In the current study, disease was induced with 1.5 mg of
collagen antibodies combined with 10 µg of LPS, based on previous studies in our
laboratory (10, 47). This results in a milder inflammatory response and could explain the
minimal bone erosion observed in all disease and treatment groups. In contrast, the
original study involved induction of a severe form of the disease with 2-4 mg of collagen
antibodies combined with 50 µg of LPS (78). There are also conflicting reports on the
effects of HCQ on bone turnover. Increased bone mineral density has been reported to be
associated with HCQ treatment in patients with systemic lupus erythematosus (79).
However, Both et al. 2018, reported that HCQ treatment decreases human MSC-derived
osteoblast differentiation and mineralisation in vitro (80). This further indicates the
likelihood of discrepancies between in vitro and in vivo studies due to in vitro studies
lacking the systemic factors that stimulate bone turnover. Although conflicting findings
were identified throughout the study, these results support the complex mechanisms
associated with pathological processes in vivo and require further investigation to
elucidate other factors associated with cell survival and stimulation. Future studies should
investigate varying the dose or means of administration to effectively target the specific
cells involved with bone destruction and inflammation in the joints.
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2.7. Conclusion
This is the first study to provide functional data on the association between autophagy
and apoptosis in human PBMC-derived osteoclasts using pharmacological modulators.
The pharmacological approach used in this study increases clinical translatability and
provides a foundation for future studies targeting these cellular processes in a more
specific way. Our findings indicate that inducing osteoclast apoptosis with Embelin and
inhibiting autophagy with HCQ is beneficial in preventing pathological bone loss by
TNF-a stimulated osteoclasts in vitro. It was proposed that there would be a synergistic
action between Embelin and HCQ when used in combination in vivo, however based on
our findings the synergistic actions on the measured outcomes of this study were not
identified. Further investigations involving larger sample number and new strategies are
required to elucidate the effectiveness and specificity of these compounds in vivo.
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CHAPTER 3: THE EFFECT OF AN N-CADHERIN ANTAGONIST, CRS-066, ON
JOINT INFLAMMATION AND BONE LOSS IN A MURINE MODEL OF
INFLAMMATORY ARTHRITIS; A PILOT STUDY
B. Williams, E. Tsangari, O. Blaschuk, D.R. Haynes, T.N. Crotti, E. Perilli, A.
Dharmapatni

Chapter Summary:
Cell adhesion molecules have recently been identified to play crucial roles in perpetuating
inflammatory cell infiltration, pannus formation and overall bone destruction in RA.
However, the specific role of cell adhesion molecules, such as N-cadherin, in osteoclast
activity in vitro and in the context of RA in vivo is unknown. Thus, this study aimed to
investigate the effect of the N-cadherin antagonist CRS-066 on the development of
inflammation and bone loss in a mild murine model of inflammatory arthritis.
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3.1. Abstract
The pathogenesis of rheumatoid arthritis (RA) involves the hyperproliferation of
fibroblast-like synoviocytes (FLS) and infiltration of inflammatory cells, contributing to
pannus formation and the production of inflammatory mediators within affected synovial
joints. Cell adhesion molecules, including cadherins, play a crucial role in promoting an
interaction between FLS and between FLS and infiltrating inflammatory or bone cells
within RA. As such, cadherin antagonists, such as the N-cadherin antagonist CRS-066,
have the potential to suppress the chronic inflammation process, and subsequent pannus
formation and joint destruction in RA. We propose that topical treatment of collagen
antibody-induced arthritis (CAIA) in mice with the compound CRS-066 will abrogate
FLS hyperplasia, thereby reducing inflammation and joint damage in the synovial joints.
Twenty female Balb/c mice were allocated to four groups; control (n = 6), CAIA (n = 6),
CAIA + DMSO (n = 4) and CAIA + CRS-066 (n = 4). In treatment groups the vehicle,
DMSO, or N-cadherin antagonist, CRS-066, was applied topically to the front and hind
paws every 12 hours, following arthritis development on day 4. Clinical paw
inflammation was scored daily. On day 11, bone volume (BV) and paw volume (PV;
inflammation) was assessed in the front and hind paws by ex vivo micro-CT. Paw sections
were stained with haematoxylin and eosin (H&E) and tartrate-resistant acid phosphatase
(TRAP), then assessed for joint inflammation, cartilage and bone damage and osteoclastlike cells.
CAIA + CRS-066 mice had significantly lower paw scores compared to CAIA + DMSO
mice (p < 0.05) on day 6-9, and paw swelling remained lower compared to all diseased
groups until endpoint. There was no difference in BV and PV measurements between the
front and hind paws of all disease and treatment groups at endpoint. Although not
significant, CAIA + CRS-066 had lower scores for cellular infiltration and cartilage and
bone degradation compared to CAIA mice. TRAP positive cell number was reduced on
the bone surface and in the surrounding soft tissue of CAIA + CRS-066 joints compared
to CAIA and CAIA + DMSO mice, however this was not statistically significant.
The findings of this study identified that CRS-066 reduced paw scores during peak stages
of the disease and provides evidence for the further investigation into compounds that
target cell adhesion molecules in the synovial joint for the treatment of RA.
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3.3. Introduction
Rheumatoid arthritis (RA) is a chronic, systemic autoimmune disease which involves
inflammation of the synovial tissue, increased joint destruction and local osteopenia (1,
2). Synovial hyperplasia is a hallmark of RA and is one of the major contributors to the
formation of invasive pannus tissue within the synovial joints (3). The synovium in
normal healthy joints consists of a lining layer of condensed cells, known as fibroblastlike synoviocytes (FLS), and only 1-3 cells thick (4). In RA this lining becomes
hyperplastic and transforms into pannus tissue which drives inflammation, leading to
destruction of the articular cartilage and underlying subchondral bone (5). Previous
studies have supported the role of FLS in the pathogenesis of RA, as the destructive
properties of FLS are enhanced by inflammatory factors, such as tumour necrosis factoralpha (TNF-a interleukin-1 beta (IL-1β) and interleukin-6 (IL-6). Activated FLS also
further enhance the inflammatory cycle within RA synovial joints by producing these
inflammatory factors themselves (3, 6, 7).

Cell adhesion is a fundamental biological property and adhesion molecules play a crucial
role in the interaction between synovial cells and infiltrating cells in the bone and soft
tissue microenvironment (8, 9). Cadherins are a family of integral transmembrane
glycoproteins expressed in tissue-restricted patterns that mediate homophilic adhesion
between cells (8). In many tissues, cadherins determine the integrity and architecture of
the tissue by modulating cell-cell adhesion and interfering with intracellular signalling
(10, 11). Cadherins, including cadherin-11 (CDH11), are expressed in FLS in the
synovium and are required for the development and organisation of the synovial lining
within a synovial joint (12-14). It is thought that cadherins may contribute to the
interaction between synovial cells and infiltrating inflammatory cells within RA synovial
joints (8, 9). Interactions between synovial stromal cells and osteoblasts mediated through
cadherins, may also be involved in the progression of bone destruction in RA. Thus, it is
crucial to precisely understand these changes in cell adhesion molecules and their
involvement in RA disease progression to assist in finding alternate pathways that can be
targeted by novel therapeutics to supress pannus formation and bone erosion in RA.
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CDH11 and N-cadherin (cadherin-2; CDH2) are common cell adhesion molecules that
have been shown to mediate cell adhesion in a calcium dependent manner (15). CDH11
is largely restricted to mesenchymal lineage cells, while N-cadherin is highly expressed
in blood vessels and in poorly differentiated tumour cells (16). However, high levels of
CDH11 and N-cadherin have been shown in osteoblasts, bone marrow stromal cells and
FLS (4, 17, 18). Distinct roles of CDH11 and N-cadherin have been identified in the
skeletal system from mouse genetics and in vitro studies (11). These cadherins are
anchored to the actin cytoskeleton via binding to β-catenin in a complex that forms
adherent junctions (17, 19).

β-catenin is a key component of the canonical Wnt signalling system which controls
osteoblastogenesis and bone formation (20-22). Cadherins can modulate signal
transduction via the Wnt/β-catenin pathway (23, 24). As CDH11 and N-cadherin bind to
β-catenin, they modulate its cytoplasmic pools and the transcriptional activity of
osteoblasts, thus stimulating osteoblastogenesis (Figure 3.1). This has been confirmed in
previous studies as overexpression of a dominant-negative N-cadherin mutant in
differential osteoblasts leads to β-catenin sequestration at the cell surface and decreased
bone formation (25). Deletion of N-cadherin, CDH11 or both also causes a reduction in
β-catenin abundance at cell-cell contacts and cell-cell adhesion, with a negative effect on
osteoblastogenesis and bone regulation (Figure 3.1) (26). Osteoblast apoptosis has also
been induced upon disruption of cell-cell adhesion by an anti-N-cadherin antibody (27).
Thus, suggesting N-cadherin also plays a role in osteoblast survival and suppression of
osteoblast apoptosis.
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Figure 3.1. Proposed influence of N-cadherin on osteoblastogenesis. N-cadherin is anchored to the cytoskeleton via binding to β-catenin and
can therefore modulate signal transduction in osteoblasts via Wnt/β-catenin signalling. N-cadherin is increased with osteogenic commitment and
differentiation to pre-osteoblasts (28-30), but is down regulated as pre-osteoblasts become fully differentiated and mature osteoblasts (31). Deletion
of N-cadherin reduces β-catenin at cell-cell contacts and cell-cell adhesion with a negative effect on osteoblast differentiation and bone formation.
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The role of cadherins in the formation of osteoclasts however is currently not well
established. It is believed that cell-cell interactions would be evident between osteoclast
precursor cells and osteoblasts due to the close role these cells have in bone regulation
(32, 33). During osteoclastogenesis, osteoclast precursor cells interact closely with
osteoblasts to allow for the binding of receptor activator of nuclear factor kappa B
(RANK) ligand (RANKL) to its receptor RANK resulting in the development of mature
and activated osteoclasts (34-36). Thus, cadherins and direct cell-cell interaction should
play a role in this highly complicated process. Recently, N-cadherin expression was
identified to be increased in a RAW 264.7 cell line, which is a well characterised
macrophage cell line that can differentiate into osteoclasts (37). The same study also
reported that dominant negative N-cadherin expression in osteogenic cells suppressed
osteoclastogenesis via β-catenin dependent regulation of RANKL expression (37).
However, the in vivo corroboration of the role of cadherins, specifically N-cadherin, in
osteoclastogenesis and bone resorption is still unknown.

Although there is little known regarding the role of N-cadherin in osteoclastogenesis, it
is well documented that N-cadherin promotes cell growth and survival in most cell types
(38). N-cadherin is found to be upregulated in invasive tumours and has consequences on
both cellular behaviour and adhesive specificity (38). Numerous studies have shown that
aberrant expression of N-cadherin causes tumour cells to lose their polarity, resist
apoptosis and become invasive (16, 38). This was confirmed by Hazan et al. 2000, who
showed that the non-metastatic human breast cancer cell line MCF-7 can be transformed
to a metastatic cell line when transfected with N-cadherin (39). In contrast, the disruption
of N-cadherin in cultured granulosa cells from human ovarian follicles, using inhibitory
antibodies, resulted in the induction of apoptosis within these cells (40). Similarly,
endothelial cells which express N-cadherin have been found to undergo apoptosis when
treated with the N-cadherin antagonist ADH-1 (41). ADH-1 has also caused apoptosis of
multiple myeloma (42), neuroblastoma (43) and pancreatic (44) cancer cells. It is known
that apoptotic cells are rarely found within synovial tissue from clinical or experimental
rheumatic joints (45, 46). Recently, similarities between malignant cell divisions and FLS
hyperproliferation in RA synovial joints have been drawn (14, 47-49). However, it is
currently not known if these cells that evade apoptosis or hyperproliferate within RA
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synovial joints also express N-cadherin. Thus, it is possible that N-cadherin may be
upregulated within these joints promoting cell growth and suppression of apoptosis.

N-cadherin antagonists can modulate a wide variety of biological processes, including
metastasis, angiogenesis and apoptosis (16). Recently, small molecule antagonists of Ncadherin, such as ADH-1 (42) and monoclonal antibodies directed against the N-cadherin
extracellular domain (50) have been discovered and could potentially be used in the
treatment of chronic inflammatory joint diseases such as RA. The effect of N-cadherin
antagonists in a murine model of inflammatory arthritis has not yet been investigated. Nor
has the arthritic response in hind paws with or without treatment been investigated by
high resolution micro-computed tomography (micro-CT). A proprietary small molecule,
synthetic, non-peptide N-cadherin antagonist (MW 500), known as CRS-066, has been
developed and unlike monoclonal antibodies it has the advantage of topical or oral
application. CRS-066 may therefore be the next generation of N-cadherin inhibitors with
therapeutic potential. We propose, inhibition of N-cadherin with CRS-066, will disrupt
FLS cell adhesion and migration, leading to suppression of overall pannus formation
within RA synovial joints. Thus, we propose that CRS-066 treatment will abrogate FLS
cell interactions with inflammatory and bone cells, thereby reducing inflammation and
joint destruction in a collagen antibody-induced arthritis (CAIA) mouse model. As such,
we aim to investigate the effects of CRS-066 as a topical treatment on local inflammation
and bone erosion in mice with inflammatory arthritis.

3.4. Methods
Ethics approval was obtained from the University of Adelaide Animal Ethics Committee
(M-2015-263A), in accordance with the National Health and Medical Council of
Australia Code of Practice for Animal Care in Research Training. Mice were housed in
approved conditions on a 12-hour light/dark cycle. Food and water were provided ad
libitum.

3.4.1. Collagen antibody-induced arthritis mouse model
Twenty female Balb/c mice aged six to eight weeks were obtained from the University of
Adelaide Laboratory Animal Services and randomly allocated into four groups. Control
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(no arthritis or treatment; n = 6), CAIA (arthritis with no treatment; n = 6), CAIA + DMSO
(arthritis treated with vehicle alone; n = 4), CAIA + CRS-066 (arthritis treated with CRS066; n = 4). A mild form of inflammatory arthritis was induced on day 0 by intravenous
injection of a 150 µl (1.5 mg/mouse) cocktail of anti-type II collagen monoclonal
antibodies (Arthrogen-CIAs Arthritogenic Monoclonal Antibodies, Chondrex Inc.,
Redwood, WA, USA) via the tail vein. This was followed by an intraperitoneal injection
with 20 µl (10 µg/mouse) of E.coli lipopolysaccharide (LPS) on day 3. Control animals
were injected with phosphate buffered saline (PBS) alone at both time points. Treatment
was applied topically to the entire surface of the front and hind paws of all mice while
under anaesthetic (isoflurane) every 12 hours, for 7 days (day 4-10). A solution of 100%
Dimethyl sulfoxide (DMSO) was applied to both the left and right front (40 µl per front
paw) and hind (80 µl per hind paw) paws of mice in group 3 (CAIA + DMSO). A solution
of 1% CRS-066 in 100% DMSO was applied to the right front (40 µl) and hind (80 µl)
paw of mice in group 4 (CAIA + CRS-066) and a solution of 100% DMSO alone was
applied to the left front and hind paws of these mice, acting as an internal vehicle control
within each mouse. Mice remained in the anaesthetic chamber for 15 minutes following
treatment to allow for the solution to be absorbed into the skin.

3.4.2. Clinical analysis of local paw swelling
Mice were monitored daily using an approved clinical record sheet for arthritis studies to
assess body weight and factors of general health. To assess clinical paw inflammation;
front and hind paws were examined daily by two observers for the presence of redness,
swelling and tenderness using a method previously described (51, 52). For each paw, a
score of 1 was given for each red and inflamed digit and a score from 0-5 was allocated
for swelling of the carpal/tarsal and swelling of the wrist/ankle. The maximum score for
each paw was 15, giving a possible total of 60 per mouse (51, 52).

3.4.3. Micro-computed tomography analysis
At the completion of the study on day 11, paws were collected, skinned and fixed for 24
hours in 10% neutral buffered formalin for further analysis. Following tissue fixation, the
front and hind paws were scanned using a micro-CT scanner (SkyScan 1076, Bruker,
Kontich, Belgium) to assess changes in bone and the surrounding soft tissue. Paws were
124

Chapter 3: Experimental Study 2

scanned at a source voltage of 55 kV, current 180 µA, isotropic pixel size 8.5 µm with a
0.5 mm thick aluminium filter, rotation step of 0.6, frame averaging of 1 and a total scan
time of approximately 35 minutes. Cross sectional images of the front and hind paws were
reconstructed using a filtered back projection algorithm (N-Recon software, Bruker
micro-CT, Kontich, Belgium). The reconstructed cross-section images were realigned in
3D with the long axis of the paw aligned along the inferior-superior direction of the
images (Dataviewer software, Bruker), as previously reported (51, 53).

Selection of volume of interest (VOI) for analysis:
For each front paw, 280 contiguous cross-sections (corresponding to a VOI length of 2.4
mm), starting from 200 cross-sections (1.7 mm) distally to the epiphyseal growth plate of
the radiocarpal joint extending through the joint up to 80 cross-sections (0.68 mm)
proximally, were used for analysis of both the bone and surrounding soft tissue. A
cylindrical VOI (4.5 mm diameter, 2.4 mm length) was used and positioned according to
the location of each individual paw in the image (51).
To date, quantification of bone volume and soft tissue swelling using high resolution
micro-CT has only been carried out in the front paws of mice using the CAIA mouse
model (51, 53, 54). As RA is a systemic disease and the CAIA model also induces joint
inflammation in a random manner including in the hind paws, we extended this microCT analysis to the hind paws. Thus, a separate volume and region of interest was
established to accurately quantify the bone volume in the calcaneus, tarsal and metatarsal
bones (Figure 3.2) and soft tissue swelling in the hind paws of the same mice.
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Figure 3.2. 3D micro-CT images of the left hind paw indicating the bones used for
quantitative bone volume analysis. A. Lateral view of the left hind paw. B. Top view
of the left hind paw. Tibia and fibula have been removed from both images.

In the hind paws, for bone volume, 600 cross-sections (corresponding to a VOI length of
5.1 mm), extending from the posterior surface of the calcaneus through the proximal tarsal
and metatarsal bones were used (Figure 3.3). A polygonal region of interest was then
traced around the calcaneus, tarsal and metatarsal bones, to exclude the tibia and fibula.
Whereas for the soft tissue analysis, 200 cross-sections were used (corresponding to a
VOI length of 1.7 mm), extending from the most posterior aspect of the metatarsal bones,
excluding the calcaneus and including the cuboid (Figure 3.3). A cylindrical VOI (5.5
mm diameter, 1.7 mm length) was used for paw volume quantification, and positioned
according to the location of the individual paws.
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Figure 3.3. 3D micro-CT images of the left hind paw (top view), including calcaneus,
tarsal and metatarsal bones for quantitative analysis; bone represented in white
colour and soft tissue in red colour. A. The lengths of the volumes of interest (VOIs)
used for micro-CT analysis are indicated by the yellow arrows for bone analysis (VOI
length of 600 cross sections, corresponding to 5.1 mm) and red arrows for soft tissue
analysis (VOI length 200 cross sections, corresponding to 1.7 mm). The 3D rendering of
the VOI used for soft tissue analysis is presented in B (bone visible in transparency) and
C.

Image thresholding and calculation of bone volume and paw volume:
On the VOIs specified above, the bone volume (BV, in mm3) and the paw volume (PV,
in mm3, which includes the soft tissue surrounding the radiocarpal joint and tarsal and
metatarsal bones), were quantified in 3D using uniform thresholding (CT Analyser
software, Bruker). In the grey-level histogram of the reconstructed cross-section images
(bitmap format, 256 grey levels, ranging from 0 to 255), the grey-level values in the lower
range (from 0 to 11) corresponded to air or background, followed in increasing order by
values of the soft tissue (ranging from 12 to 134) and bone (from 135 to 255) (53). Two
fixed minimum threshold values were applied to the specimens for segmentation. One
minimum threshold level was used for segmenting the bone pixels only (from minimum
threshold level 135 to maximum 255), leaving air and surrounding soft tissue as
background (53, 55, 56). The second minimum threshold level was for segmenting the
paw, soft tissue and bone together (minimum threshold level 12 to maximum level 255),
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and leaving air as the background (53, 55, 56). By applying the corresponding threshold
values to each specimen, automated calculations were performed of BV and PV (CT
Analyser software, Bruker). The BV was calculated as the volume occupied by the voxels
segmented as bone and the PV was calculated as the volume occupied by the voxels
segmented as paw, which included both bone and soft tissue. After segmentation, for PV
measurements, loose speckles in the segmented images which originated from noise
pixels, having their grey values close to those of soft tissue, were removed. This was
completed using a cycle of the software function ‘sweep’ (CT Analyser software, Bruker)
which automatically removes all but the largest object in 3D volume, maintaining the paw
as the largest object. BV and PV were then quantified using the marching cubes method
(CT Analyser software, Bruker) (57-60).

3.4.4. Histological analysis of the radiocarpal joint
Following micro-CT scanning front paws were decalcified in 10% Ethylene
diaminetetraacetic acid (EDTA) and embedded in paraffin wax. Serial sagittal sections of
the radiocarpal joint were cut (5 µm) and stained with haematoxylin and eosin (H&E) and
then scored for inflammatory cell infiltration, cartilage and bone degradation and pannus
formation using a previously described semi-quantitative scoring method (51, 54). Semiquantitative analysis was carried out by two blinded observers using 40x magnified
images on the Nanozoomer Digital Pathology System (NDP Hamamatsu, Hamamatsu
City, Japan). Scoring was based on the number of inflammatory cells within the
radiocarpal joint. Normal tissue (< 5% inflammatory cells) was scored as 0, mild
inflammation (6-20% inflammatory cells) was scored as 1, moderate inflammation (2150% inflammatory cells) was scored as 2 and severe inflammation (> 51% inflammatory
cells) was scored as 3. Bone and cartilage destruction were also assessed using a 0 to 3point scale (0, normal; 1, mild cartilage destruction; 2, evidence of both cartilage and
bone destruction; 3, severe cartilage and bone destruction). Pannus formation was scored
as either 0 for no pannus or 1 for pannus formation (61).
Serial sagittal sections of the radiocarpal joint were also stained with tartrate resistant acid
phosphatase (TRAP) to identify osteoclasts on the bone surface and pre-osteoclasts in the
surrounding soft tissue within the radiocarpal joint (62, 63). Sections were stained as
previously described with TRAP solution, left to incubate (37 ℃) for 45 minutes and
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counterstained with haematoxylin (51, 62, 63). Sections were imaged using the
Nanozoomer Digital Pathology System (NDP Hamamatsu, Hamamatsu City, Japan) for
analysis at 40x magnification. The number of multinucleated TRAP positive cells (> 3
nuclei) were counted by two blinded observers in a consistent region of interest (2.16
mm2), to include cells found on the bone surface and within the surrounding soft tissue
of the radiocarpal joint (51).

3.4.5. Statistical Analysis
Statistical analysis was performed using the statistical software SAS 9.4 (SAS Institute.,
Cary, NC, USA). For paw score analysis, a linear mixed-effects model was performed,
controlling for clustering on mouse and for repeated measurements over time using a
Variance Components covariance structure. Assumptions of a linear model were found
to be upheld. An interaction of Group (1 = Control, 2 = CAIA, 3 = CAIA + DMSO and
4 = CAIA + CRS-066) and Day (time) was included with adjustment for paw side (left
and right paws).
For micro-CT data 20 mice are assessed on all 4 paws: left front and hind (internal control
paw) and right front and hind paw (treatment). As each mouse is assessed in 4 different
areas there is clustering on each mouse. To account for clustering a Variance Components
covariance structure was used within a linear mixed-effects model for each micro-CT
outcome. An interaction term of Group and Side (left and right paw) was included as a
predictor.
Assumptions of a linear model were found to be upheld by inspection of histograms and
scatter plots of residuals and predicted values, except for the outcome BV which was
bimodal. Therefore, two separate linear mixed-effects models were performed for the
front and hind paw BV analysis. Assumptions of a linear model were then met. A p value
less than 0.05 was considered statistically significant.
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3.5. Results
3.5.1. Clinical evaluation of local inflammation in mouse paws
Induction of CAIA resulted in significant redness, tenderness and inflammation in the
front and hind paws of all disease mice, following LPS administration on day 3 (Figure
3.4). There is a statistically significant interaction between Day and Group observed for
the outcome paw score (interaction p value < 0.0001). From day 6 to day 10 control mice
had significantly lower mean paw scores compared to CAIA mice (p value < 0.0001;
Table 3.1). At day 7, CAIA mice had a paw score lower than CAIA + DMSO mice (2.83
± 0.25 and 4.13 ± 0.31, respectively, p = 0.0013; Figure 3.4B). The mean paw scores in
CAIA mice remained significantly lower from day 7 to day 10 compared to CAIA +
DMSO mice (Table 3.1). At day 7, CAIA + DMSO mice also had a mean paw score
greater than CAIA + CRS-066 mice (4.13 ± 0.31 and 2.13 ± 0.31, respectively, p <
0.0001; Figure 3.4B) and remained significantly greater on day 8 and day 9 (3.75 ± 0.31
and 3.72 ± 0.31, respectively; Figure 3.4B and Table 3.1). There was no significant
difference observed in mean paw score between CAIA and CAIA + CRS-066 mice
throughout the 10 day model. There is also no statistically significant difference in paw
score between left and right paws, adjusting for the Group*Day interaction (Global p
value = 0.498).
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Figure 3.4. Clinical evaluation of local inflammation. A. Macroscopic appearance of
the front paws at day 7 post-arthritis induction. B. Average clinical paw scores of each
group over 10 days. Error bars represent standard error of mean (SEM; n = 6 per Control
and CAIA groups, n = 4 per CAIA + DMSO and CAIA + CRS-066 groups, * p < 0.01
and *** p = 0.001 CAIA vs CAIA + DMSO; ^ p = 0.03, ^^^ p = 0.0004 and ^^^^ p <
0.0001 CAIA + DMSO vs CAIA + CRS-066).
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Table 3.1. Linear mixed-effects model of Paw score versus interaction of Day and
Group and Side from peak disease (day 6) to the end of the model (day 10): mean
differences
Outcome

Interaction

Paw score Day*Group

Side

Day

Group

Difference in Paw

Comparison Interaction

Comparison

Score (95% CI)

P value

P value

6

1 vs 2

-1.85 (-2.56, -1.15)

<0.0001

<0.0001

6

2 vs 3

-0.58 (-1.37, 0.20)

0.1457

6

2 vs 4

0.14 (-0.65, 0.92)

0.7354

6

3 vs 4

0.72 (-0.14, 1.58)

0.1018

7

1 vs 2

-2.83 (-3.54, -2.13)

<0.0001

7

2 vs 3

-1.29 (-2.08, -0.51)

0.0013

7

2 vs 4

0.71 (-0.08, 1.49)

0.0773

7

3 vs 4

2.00 (1.14, 2.86)

<0.0001

8

1 vs 2

-2.83 (-3.54, -2.13)

<0.0001

8

2 vs 3

-0.92 (-1.70, -0.13)

0.0224

8

2 vs 4

0.65 (-0.14, 1.43)

0.1072

8

3 vs 4

1.56 (0.70, 2.42)

0.0004

9

1 vs 2

-2.73 (-3.43, -2.03)

<0.0001

9

2 vs 3

-1.02 (-1.81, -0.23)

0.0110

9

2 vs 4

-0.08 (-0.87, 0.70)

0.8352

9

3 vs 4

0.94 (0.08, 1.80)

0.0329

10

1 vs 2

-2.60 (-3.31, -1.90)

<0.0001

10

2 vs 3

-0.96 (-1.74, -0.17)

0.0170

10

2 vs 4

-0.15 (-0.93, 0.64)

0.7159

10

3 vs 4

0.81 (-0.05, 1.67)

0.0644

Left vs Right -0,12 (-0.46, 0.22)

0.4986

Groups: 1 = Control, 2 = CAIA, 3 = CAIA + DMSO and 4 = CAIA + CRS-066
P values less than 0.05 were considered statistically significant.
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3.5.2. Micro-CT analysis of bone volume and soft tissue swelling in front and hind paws
Front paws:
Representative reconstructed 3D images of the radiocarpal joint, including both bone and
soft tissue are shown in Figure 3.5A. There is a statistically significant interaction
between Group and Side for the outcome variable BV, however, only for the front right
paw data (interaction p value = 0.0089). For the front right paw, control mice have a mean
BV (1.15 ± 0.05 mm3) significantly greater than CAIA mice (1.00 ± 0.05 mm3, p = 0.038;
Figure 3.5B). There is no significant difference among the other disease and treatment
groups for front right paw BV. There is also no significant difference in BV measurements
in the left front paw between all groups (Figure 3.5B).
There was no statistically significant interaction between Group and Side for the front
paw PV (interaction p value = 0.1530; Figure 3.5C). However, as expected, CAIA mice
had a greater PV in both the left (25.98 ± 1.88 mm3) and right front paws (25.300 ± 1.88
mm3) when compared to control mice (19.12 ± 1.88 mm3 for the left paw and 19.06 ±
1.88 mm3, for the right paw).

Hind Paws:
There was no statistically significant interaction between Group and Side for hind paw
BV (interaction p value = 0.0566; Figure 3.5D). Although unexpectedly, in the right hind
paws, it was evident that CAIA + CRS-066 mice had a mean BV (3.29 ± 0.13 mm3) lower
than CAIA (3.49 ± 0.10 mm3) and CAIA + DMSO (3.31 ± 0.13 mm3) mice, by 0.18 mm3
and 0.20 mm3, respectively. In the left hind paws, mean BV was 0.12 mm3 greater in
CAIA + CRS-066 (3.47 ± 0.13 mm3) mice compared to CAIA (3.35 ± 0.10 mm3) mice.
However, this was not statistically significant (Figure 3.5D).
There is a statistically significant interaction between Group and Side for the hind paw
PV (interaction p value = 0.0034; Figure 3.5E). As expected, CAIA mice had a mean PV
in the left hind paws (18.80 ± 1.34 mm3) significantly greater than control mice (12.61 ±
1.47 mm3), by 6.19 mm3 (p = 0.0071). However, this increase in PV was not observed in
the right hind paws between control and CAIA mice. Unexpectedly, PV in the right hind
paw was greater in CAIA + DMSO (21.00 ± 1.64 mm3) and CAIA + CRS-066 (20.71 ±
1.64 mm3) mice when compared to the right hind paws of CAIA mice (14.97 ± 1.34 mm3;
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p = 0.0122 and p = 0.016, respectively; Figure 3.5E). Average PV in the right hind paws
(20.71 ± 1.64 mm3) of CAIA + CRS-066 mice was also unexpectedly greater when
compared to the left internal control paws (15.20 ± 1.64 mm3), however not significantly
so. There was no significant difference among the disease and treatment groups for left
hind paw PV.

Figure 3.5. Effect of CAIA and CRS-066 on bone volume (BV) and soft tissue
swelling (paw volume, PV) of the radiocarpal joint and hind paw assessed by high
resolution micro-CT at day 11. A. Three-dimensional micro-CT models of the
radiocarpal joint and surrounding soft tissue (indicated in red) in the right paw. Mean BV
and PV in the radiocarpal joint (B and C, respectively) and mean BV and PV in the hind
paw (D and E, respectively) expressed in mm3, as assessed by micro-CT analysis at day
11. Error bars represent SEM (n = 12 paws per Control and CAIA and n = 8 paws per
CAIA + DMSO and CAIA + CRS-066 groups, * p = 0.03 and ** p< 0.001 Control vs
CAIA; ^ p = 0.01 compared to CAIA).
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3.5.3. Histological evaluation of inflammation and bone erosion in the front paws of mice
Histological evaluation of sagittal sections of the left and right radiocarpal joint showed
that CAIA mice and CAIA mice treated with DMSO vehicle alone or CRS-066 had
greater scores for cellular infiltration, cartilage and bone degradation and pannus
formation compared to control mice (Figure 3.6). CAIA mice treated with CRS-066 had
lower inflammatory cell infiltration and cartilage and bone degradation compared to
CAIA mice (Figure 3.6A and B). These scores were also lower in the CRS-066 treated
right paws, when compared to the vehicle treated left paws of the same mice (Figure 3.6A,
B and C). However, there was no statistically significant interaction between Group and
Side for inflammatory cell infiltration, cartilage and bone degradation and pannus
formation (Interaction p value = 0.8527, 0.8793 and 0.8783, respectively).
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Figure 3.6. Histological assessment of inflammation, cartilage and bone destruction and pannus formation in H&E stained sagittal sections
of mouse paws. A. Inflammatory cell infiltration score. B. Cartilage and bone degradation score. C. Pannus formation score. Error bars represent
SEM (n = 12 paws per Control and CAIA groups, n = 16 paws per CAIA + DMSO and CAIA + CRS-066 groups).
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Representative images of TRAP staining in the radiocarpal joint are presented in Figure
3.7A. A lower number of TRAP positive multinucleated cells were observed on the bone
surface of the radiocarpal joint in the left vehicle treated paw (5.25 ± 3.31 cells) of CAIA
+ CRS-066 mice compared to the left paw of CAIA untreated mice (12.50 ± 3.14 cells;
Figure 3.7B). This was not reciprocated in the right paw which found the number of
TRAP positive multinucleated cells to be similar between CAIA untreated right paws
(7.17 ± 3.14 cells) and CRS-066 treated right paws (7.87 ± 3.31 cells; Figure 3.7B).
Unexpectedly, although not significant, the number of TRAP positive multinucleated
cells observed on the bone surface in the left vehicle treated paw was lower compared to
the right CRS-066 treated paw of CAIA + CRS-066 mice.
Interestingly, within the soft tissue of the radiocarpal joint, a lower number of TRAP
positive multinucleated cells were observed in both the left and right front paws of CAIA
+ CRS-066 mice (3.25 ± 5.64 cells and 5.75 ± 5.64 cells, respectively), compared to CAIA
(19.50 ± 6.03 cells and 15.50 ± 6.03 cells, respectively) and CAIA + DMSO mice (10.25
± 5.64 cells and 25.00 ± 5.64 cells, respectively; Figure 3.7C). However, there was no
significant difference in the number of TRAP positive multinucleated cells observed
between the left vehicle treated paw (3.25 ± 5.64 cells) and right CRS-066 treated paw
(5.75 ± 5.64 cells) of CAIA + CRS-066 mice. There was also no statistically significant
interaction between Group and Side for the number of TRAP positive multinucleated cells
on the bone surface and within the surrounding soft tissue of the radiocarpal joint
(interaction p value = 0.2729 and p = 0.2933, respectively).
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Figure 3.7. Assessment of osteoclasts and pre-osteoclasts in front paws. A. Representative images of sagittal sections of the radiocarpal joint
stained with TRAP (indicated in pink) with haematoxylin counterstaining, 20x magnification. Average values of TRAP positive multinucleated
cells in each group on the bone surface (B) and in the surrounding soft tissue (C) in a 2.16 mm2 area of the radiocarpal joint. Error bars represent
SEM (n = 12 paws per Control and CAIA groups, n = 16 paws per CAIA + DMSO and CAIA + CRS-066 groups).
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3.6. Discussion
The function of cell adhesion molecules, including cadherins has been extensively
researched, with a wide range of roles identified in determining the integrity and
architecture of different tissues within the body. The destructive influence of FLS in RA,
appears to be through the formation of invasive pannus tissue which drives inflammation
and the destruction of articular cartilage and underlying subchondral bone (5, 64). It is
thought that N-cadherin antagonists may be beneficial in modulating biological processes
in RA, such as proliferation of FLS, angiogenesis and apoptosis. Thus, this study utilised
the CAIA model as it recapitulates the pathological features of RA in Balb/c mice for the
assessment of the novel therapeutic compound CRS-066 designed to suppress the action
of N-cadherin.

The results of this study suggest the suppression of N-cadherin using the topical
application of CRS-066 may have potential benefit in reducing inflammation and this is
particularly supported by the clinical paw scoring and histological analysis. The current
study found that CRS-066 applied topically to the right front and hind paws reduced local
inflammation in CAIA mice, as evidenced by paw scores from day 7 to 9. This was also
supported to a lesser degree by histological analysis of the radiocarpal joints. Although
not significant, inflammatory cell infiltration and pannus formation scores were observed
to be lower in CRS-066 treated right paws in comparison to the untreated left paws and
CAIA untreated mice. In contrast, PV measured at day 11 by high resolution micro-CT
was observed to be higher in CRS-066 treated right paws, compared to CAIA untreated
mice. This was unexpected and the discrepancy between these results could be attributed
to the large variability in animal response to the disease. As CAIA is induced by the
systemic administration of anti-type II collagen monoclonal antibodies (65), there is a
large variability in which paws are affected and the severity of the disease in each affected
paw.

CRS-066 did not have a significant effect on BV in the front and hind paws of CRS-066
treated mice at day 11, and BV in these paws did not appear to change when compared to
BV from CAIA untreated or vehicle only treated mice. This is not consistent with the
histological analysis of bone and cartilage destruction in the front and hind paws, which
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identified CRS-066 treated mice as having a lower histological score for bone and
cartilage destruction in the right treated paw, in comparison to the left untreated paw and
CAIA untreated mice. A reduced number of multinucleated TRAP positive osteoclastlike cells was also observed on the bone surface and within the surrounding soft tissue in
the paws of CRS-066 treated mice, suggesting CRS-066 may play a role in modulating
bone turnover. However, the difference in results may be due to the location and size of
the volume of interest considered for quantification of BV in the radiocarpal joint and
hind paws. Despite high-resolution micro-CT being a sensitive method for quantification
of bone, the decrease in BV due to joint destruction may be partially compensated by the
larger quantity of bone included in micro-CT analysis. Thus, quantification of BV in the
smaller metacarpo-phalangeal joints or individual bones that form the hind paw (e.g.
cuboid or navicular) would be beneficial and may provide a more accurate assessment of
the effects of CRS-066 on bone erosion in inflammatory arthritis.

The mechanism by which CRS-066 suppresses bone resorption through N-cadherin
inhibition in pathological conditions is still unknown and this is the first time the
compound has been investigated in vivo in a model of inflammatory arthritis. However,
it is known that ablation of N-cadherin has a negative effect on osteoblastogenesis and
bone growth (26), as β-catenin is reduced and canonical Wnt signalling is impaired (23,
24). CAIA induces significant bone destruction and loss of BV in the joints of mice (51,
54, 65). Further inhibition of osteoblastogenesis through targeting N-cadherin within
CAIA mice could thus result in greater disruptions in normal bone turnover and
formation. Although a reduction in TRAP positive osteoclast-like cells was observed in
CRS-066 treated mice, the bone destruction and slight reduction in BV observed in these
mice, in comparison to untreated CAIA mice and healthy controls, may instead be due to
a reduction in the number of osteoblasts present within these joints to replace and form
new bone. In the current study, the presence of osteoblasts and the activation of Wnt/βcatenin signalling was not directly measured in paw tissue, nor was the expression of Ncadherin. Therefore, it can not be confirmed in this model as to whether CRS-066 is also
actively suppressing osteoblast activation and bone formation through N-cadherin
inhibition. Future in vivo studies could assess the presence of osteoblasts and markers of
bone turnover in the radiocarpal joint and hind paws, as well as the expression of N
cadherin and β-catenin through immunohistochemical staining to determine if CRS-066
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is suppressing bone formation in inflammatory arthritic conditions through inhibition of
N-cadherin.

Recent studies have also identified the involvement of N-cadherin in chondrocyte
development and the persistence of N-cadherin can prevent the progression of
chondrogenic differentiation (66-68). Similar to its implications in osteoblastogenesis, Ncadherin is known to control chondrogenesis through both modulation of cell-cell
adhesion and interaction with Wnt and bone morphogenetic protein signalling (66, 69).
Thus, inhibiting N-cadherin may have a beneficial effect on preventing the destruction of
articular cartilage in RA and may be supported by the slight reduction in the histological
cartilage and bone degradation score observed in CRS-066 treated paws of CAIA mice
within this study. This highlights another potential target for pharmacological
intervention to promote joint repair in RA. However, further investigations are required
to confirm this and identify the specific effect of CRS-066 on the differentiation of
chondrocytes.

The current study administered 1% CRS-066 topically using 100% DMSO as the vehicle
due to the compound not being water soluble. DMSO is a colourless liquid and is a polar
aprotic solvent that is capable of dissolving both polar and non-polar compounds (70, 71).
DMSO is commonly used as a solvent for water-insoluble drugs. Due to its polar nature,
capacity to accept hydrogen bonds and its small and compact structure, DMSO is capable
of penetrating living tissues (72). Thus, previous studies have highlighted the beneficial
effects of using DMSO as a topical treatment or vehicle, as it greatly enhances the
percutaneous penetration and promotes transport into local blood vessels when used in
combination with other substances (71, 73). Recent in vitro and in vivo studies, however,
have identified varying cellular and behavioural effects of DMSO depending on the
concentration used, including membrane permeability and toxicity (74-77).

The increased PV observed in the CRS-066 treated mice could be attributed to the vehicle
the drug was applied with, as using high concentrations of DMSO as a vehicle could result
in varying cellular effects and toxicity. This is supported by the DMSO-treated mice
which showed a greater PV at day 11, as well as greater local paw swelling, indicated by
141

Chapter 3: Experimental Study 2

significantly higher paw scores compared to all other groups from day 7 to day 10.
Recently, studies have highlighted the safety concerns of using low concentrations of
DMSO as a solvent for in vivo administration and in biological assays (78). DMSO
concentrations greater than 10% have been reported to cause cellular toxicity through
plasma membrane pore formation and cell death (71, 78). The high concentrations of
DMSO used within this study as a vehicle for CRS-066 may have therefore confounded
the beneficial effects of CRS-066 and further enhanced the inflammatory response
observed in CAIA mice. Thus, resulting in the conflicting findings identified throughout
the study. Further investigation is therefore required to identify an appropriate vehicle,
for the compound CRS-066, to elucidate if it is beneficial in reducing inflammation and
bone destruction in inflammatory arthritis.

3.7. Conclusion
In conclusion, this is the first study to investigate the effect of topical application of CRS066, an N-cadherin antagonist, on inflammation and bone erosion in vivo in inflammatory
arthritis. Our findings indicate the potential beneficial effect of CRS-066 on reducing
inflammation in CAIA, however with minimal effect on bone erosion identified. The
pharmacological approach used within this study increases clinical translatability,
although based on our study, the vehicle, DMSO, could be confounding the beneficial
effects of CRS-066 and causing inconsistencies in the results observed. Thus, new
strategies of drug administration are required. Further investigations to confirm the
expression of N-cadherin in cells within the RA synovium, including FLS, osteoblasts
and chondrocytes, is also warranted to elucidate the more specific target of this compound
in vivo.
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CHAPTER 4: ASSESSMENT OF INFLAMMATION, BONE LOSS AND PAINLIKE BEHAVIOUR IN A COLLAGEN ANTIBODY-INDUCED ARTHRITIS
MOUSE MODEL FOLLOWING TREATMENT WITH PARTHENOLIDE
B. Williams, F. Lees, E. Perilli, E. Tsangari, A. Dharmapatni, M. Hutchinson, T.N. Crotti

Chapter Summary:
In RA there is a clear link between inflammation and bone loss with elevated expression
of RANKL and NF-B by activated inflammatory cells and FLS. RA specific pain is a
major consequence of this inflammation and bone destruction. However, pain can arise
prior to disease manifestations and does not correlate with the degree of inflammation or
pharmacological modulation. As recent studies have identified a role for NF-B in the
development of neuropathic pain, it is a logical progression to investigate novel
therapeutics that target intracellular signalling pathways involved in not only
inflammation and bone loss in RA, but in the development of pain as well. Hence, this
study aimed to investigate the effect of a novel NF-B inhibitor on inflammation, bone
loss and pain-like behaviour in a mild murine model of inflammatory arthritis.
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4.1. Abstract
Rheumatoid arthritis (RA) is a chronic inflammatory disorder characterised by synovial
hyperplasia and destruction of bone and cartilage within the joint, leading to severe pain.
Nuclear factor-kappa B (NF-B) intracellular signalling is crucial to T-cell mediated
inflammation and osteoclastogenesis in the progression of joint destruction in RA. Thus,
this study aims to investigate the effects of NF-B inhibition by Parthenolide (PAR) on
paw inflammation, bone destruction and pain-like behaviour, specifically, mechanical
allodynia, in a collagen antibody-induced arthritis (CAIA) mouse model.
Thirty-two Balb/c mice were allocated to four groups (n = 8 per group); Control, CAIA
(no treatment), CAIA + PAR 1 mg/kg/day and CAIA + PAR 4 mg/kg/day. Mice were
treated daily from day 4 following arthritis development. Paw inflammation was
conducted daily, and assessment of mechanical allodynia was conducted on alternate
days. At day 11, bone volume (BV) and paw volume (PV) in all paws were assessed ex
vivo by micro-CT. Sagittal sections of the front and hind paws were stained with
haematoxylin and eosin (H&E) and tartrate-resistant acid phosphatase (TRAP) to assess
joint inflammation, cartilage and bone damage and the presence of osteoclast-like cells.
Paw scores were significantly lower in CAIA + PAR 4 mg/kg mice compared to CAIA
mice at day 8-10 (p < 0.05) and in CAIA + PAR 1mg/kg mice compared to CAIA mice
at day 10 only (p = 0.03). Tactile paw withdrawal thresholds, as a measure of mechanical
allodynia, did not show any significant difference between all groups throughout the
model. Front and hind paw PV was reduced in CAIA mice treated with 1 mg/kg and 4
mg/kg PAR, however not significantly so. BV measurements did not differ between
disease and treatment groups in both front and hind paws. Histological scores for cellular
infiltration, cartilage and bone degradation and pannus formation were reduced in front
and hind paws of CAIA + PAR 1 mg/kg and CAIA + PAR 4mg/kg mice, but not
significantly so. TRAP positive multinucleated cells on the bone surface of the
radiocarpal joint and within the surrounding soft tissue of the hind paws were
significantly less in CAIA + PAR 4 mg/kg mice compared to CAIA mice (p < 0.05 and p
= 0.005, respectively).
In conclusion, these findings indicate a suppressive effect of both low and moderate dose
PAR on paw inflammation and osteoclast presence in mild CAIA. However, significant
results may be evident in more long term or severe models of CAIA.
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4.3. Introduction
Rheumatoid arthritis (RA) is a chronic systemic disorder characterised by joint
inflammation, synovial hyperplasia and associated destruction of the cartilage and bone.
Additionally, pain is associated with this joint destruction and is one of the most
debilitating symptoms reported by RA patients (1, 2). Sensitisation of primary afferent
nociceptive (pain sensing) neurons is common to inflammatory pain and specifically to
RA associated pain (3). This leads to a state of abnormally heightened sensitivity to pain,
known as hyperalgesia, where responses to noxious stimuli are enhanced, and mechanical
allodynia, where innocuous stimuli produce pain (3). Inflammatory pain and the resulting
mechanical allodynia have been identified as a significant problem in RA despite minimal
disease activity and effective suppression of inflammation and thus substantially impacts
patient quality of life (4-6). The development of mechanical allodynia and hyperalgesia
has previously been reported in mice with inflammatory arthritis and is induced by the
direct action of pro-inflammatory mediators, such as prostaglandins and proinflammatory cytokines, on peripheral nociceptors (7). However, this was observed prior
to clinical signs of inflammation, suggesting that the timing of inflammation and pain in
RA may not necessarily coincide (7). Given this knowledge, it is a rationale progression
to assess mechanical allodynia in RA to enable a complementary and systemic approach
to understanding disease progression and the development of new targeted therapeutics.

Pro-inflammatory cytokines including tumour necrosis factor alpha (TNF-a, interleukin1 beta (IL-1β) and interleukin-6 (IL-6) are significant factors in RA disease progression
and the upregulation of these cytokines occurs due to the chronic infiltration of immune
cells into the synovial joints of RA patients (8). These cytokines not only prolong the
inflammatory response within RA, but their overproduction in the synovial joints
promotes bone destruction (9, 10) and sensitisation of peripheral nociceptors, leading to
increased pain sensitivity over inflamed joints (11-15).

Recently, research in RA has focussed on nuclear factor-kappa B (NF-B) signalling and
its role in osteoclast mediated bone resorption. NF-B is a pro-inflammatory transcription
factor involved in normal osteoclast differentiation and survival (16) and in vivo studies
have identified increased NF-B expression and activity in osteoclasts in the inflamed
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joints of arthritic mice (17). NF-B signalling is stimulated by the binding of receptor
activator of nuclear factor kappa B (RANK) ligand (RANKL) to its receptor RANK on
pre-osteoclasts and ultimately leads to the differentiation of these cells into mature and
active osteoclasts (16, 18). Upregulation of pro-inflammatory cytokines in RA results in
the excessive binding of RANKL to RANK, further activating NF-B signalling and
promoting osteoclast recruitment, differentiation and activation. NF-B is also crucial to
T-cell mediated inflammation in RA (8, 19), as well as the pathogenesis of neuropathic
pain (20-22), suggesting that NF-B signalling plays a crucial role in the overall
progression of joint destruction and the development of pain in RA.

Previously, direct targeting of osteoclast differentiation by inhibiting RANKL has been
shown to arrest bone erosion in several animal models of inflammatory arthritis (16, 2327). A clinical trial in patients with RA has also shown that blockade of RANKL using a
neutralising antibody, denosumab, slows the progression of bone erosion but does not
impede inflammation in the synovial joints (28). This shows that suppressing osteoclast
formation and activity can protect bone from the consequences of inflammation even in
the absence of inhibition of inflammation. However, despite this the destructive
consequences of inflammation in the synovial joints persists, resulting in prolonged painlike behaviour, including mechanical allodynia. Currently, there are limited effective
treatments available that collectively target inflammation, bone erosion and pain in RA.
Many common disease modifying anti-rheumatic drugs (DMARDs) target inflammation
allowing chronic bone erosion to progress and side effects of these treatments can also be
attributed to the development of mechanical allodynia in RA (29-31). Thus, inhibition of
other intracellular pathways involved concurrently in both T cell mediated inflammation
and osteoclastogenesis, such as NF-B signalling, may be more beneficial in reducing
inflammation, bone destruction and overall pain in RA patients.

Parthenolide (PAR) is a sesquiterpene lactone found in the Astercease family of medicinal
plants, including FeverFew (32), and is reported to have both anti-inflammatory and antitumorigenic actions (33-35). PAR is a potent NF-B inhibitor and prevents osteoclast
formation and RANKL-mediated bone resorption in vitro by inhibiting NF-B activation
(36). In vivo studies have shown that PAR blocks LPS-induced osteolysis and inhibits
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surface bone loss through suppression of NF-B activity in murine calvarial models (36).
High doses (10 mg/kg/day) of PAR have also been reported to inhibit ovariectomyinduced bone loss in vivo (37). Recently, PAR was demonstrated to inhibit the effects of
IL-1β and TNF-a on cultured human chondrocytes as well as reduce inflammation and
pannus formation in the synovial joints of rats with collagen-induced arthritis (CIA) (38),
indicating that PAR may directly inhibit pro-inflammatory cytokine release. However,
within this study there was no clear reduction of bone erosion or generalised osteopenia
beyond the anti-inflammatory effects at the inflamed joint (38). This suggests that when
inflammation has reached a maximal level, the mild inhibitory effect of low PAR dosage
(1 mg/kg) on inflammation is insufficient to inhibit the subsequent effect inflammation
has on bone erosion (38). Further to this, behavioural studies have shown that PAR
reduces mechanical allodynia and hyperalgesia in rats after chronic constriction injury to
the sciatic nerve (CCI) (39, 40).

It is evident from these studies that PAR is beneficial in reducing inflammation and bone
loss, as well as pain in different pathological conditions. However, to date there are no
studies which have assessed the effect of NF-B inhibition on these three key aspects of
RA pathogenesis simultaneously. Therefore, the current study aimed to investigate
whether PAR would reduce inflammation, bone loss and mechanical allodynia
simultaneously in the paws of mice in a mild model of collagen antibody-induced arthritis
(CAIA).

4.4. Methods
This study was approved by the Animal Ethics Committee of the University of Adelaide
(M-2015-255) and complied with the National Health and Research Council (Australia)
Code of Practice for Animal Care in Research and Training (2014). Mice were housed in
approved conditions on a 12-hour light-dark cycle. Food and water were provided ad
libitum.
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4.4.1. Collagen antibody-induced arthritis model
Thirty-two female Balb/c mice aged six to eight weeks were obtained from the University
of Adelaide Laboratory Animal Services and randomly divided into four groups (n = 8
per group); Control (no arthritis or treatment), CAIA (arthritis with no treatment), CAIA
+ PAR 1 mg/kg (arthritis treated with 1 mg/kg PAR) and CAIA + PAR 4 mg/kg (arthritis
treated with 4 mg/kg PAR).
To induce arthritis, mice were injected intravenously via the tail vein with 150 µl (1.5
mg/mouse) of a cocktail of anti-type II collagen monoclonal antibodies (Arthrogen-CIAs
Arthritogenic Monoclonal Antibodies, Chondrex Inc., Redwood, WA, USA). This was
followed by an intraperitoneal injection of 20 µl (10 µg/mouse) of E. coli
lipopolysaccharide (LPS) on day 3 (Figure 4.1). Control animals were injected with
phosphate buffered saline (PBS) alone at both time points. 200 µl of PAR in 10% DMSO
for the 1 mg/kg dose (38) and 200 µl of PAR in 0.8% DMSO for 4 mg/kg was
administered in the treatment groups via intraperitoneal injections, daily from day 4 to
day 10 (Figure 4.1).

Figure 4.1. Experimental collagen antibody-induced arthritis mouse model timeline.
Values represent days. D; Day, IHC; immunohistochemistry, LPS; lipopolysaccharide,
mAb; monoclonal antibodies, micro-CT; micro-computed tomography.

4.4.2. Clinical analysis of local paw swelling
Mice were monitored daily using an approved clinical record sheet for arthritis studies to
assess body weight and factors of general health. To assess clinical paw swelling;
individual paws were examined daily by two observers for the presence of redness,
tenderness, swelling and inflammation using a previously described clinical paw scoring
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method (41, 42). For each paw, a score of 1 was given for an inflamed digit and a score
from 0-5 was allocated for swelling of the carpal/tarsal joint and of the wrist/ankle. The
maximum score for each paw was 15, giving a possible total of 60 per mouse (41, 42).

4.4.3. Von Frey paw withdrawal test for the assessment of mechanical allodynia
Mechanical allodynia was assessed in the hind paws of mice using the von Frey paw
withdrawal test. As it has been reported that Balb/c mice develop a tolerance to this
behavioural test (7), von Frey testing was conducted on alternate days starting on day 2
and ending on day 10 (i.e. testing days were day 2, 4, 6, 8 and 10; Figure 4.1). On testing
days mice were placed in a plastic cage with a wire mesh bottom which allows full access
to the hind paws and behavioural accommodation was allowed for approximately 15
minutes. Both hind paws were touched with one of a series of seven von Frey filaments
with logarithmically incremental stiffness of 0.04, 0.07, 0.16, 0.40, 0.60, 1.00 and 2.00
grams (43). The von Frey filament was presented perpendicular to the hind-plantar
surface of the hind paws with sufficient force to cause slight buckling against the paw and
held for approximately 6-8 seconds. A positive response was noted if the paw was sharply
withdrawn. Flinching immediately upon removal of the hair was also considered a
positive response. Ambulation was considered an ambiguous response, and in such cases
the stimulus was repeated.
The 50% paw withdrawal threshold was determined using the Dixon up-down method
(43). In this method, behavioural testing was initiated with the 0.40 gram filament, in the
middle of the series (43). Von Frey filaments were presented in a consecutive fashion,
either ascending or descending. In the absence of a positive paw withdrawal response to
the initially presented filament a stronger stimulus was presented; in the event of a
positive paw withdrawal response, the next weaker stimulus was chosen (43). Stimuli
were presented at intervals of several seconds, allowing for apparent resolution of any
behavioural responses to previous stimuli. The threshold at which there was a 50%
probability of paw withdrawal was then calculated, as previously described (43).

4.4.4. Micro-computed tomography analysis
At the completion of the study on day 11, transcardial perfusions were performed while
mice were anaesthetised (175 mg/kg Sodium Pentobarbital). Mice were perfused with 4%
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paraformaldehyde prior to the collection of brain and spinal cord tissue, for assessment
in ongoing studies. Front and hind paws were then collected and underwent post-fixation
for 48 hours.
Bone changes and swelling of the front and hind paws was assessed using images
obtained by a micro-computed tomography (micro-CT) scanner (SkyScan 1076, Bruker,
Kontich, Belgium), following protocols previously published by our laboratory (42, 44).
Paws were scanned at a source voltage of 55 kV, current 180 µA, isotropic pixel size of
8.5 µm with a 0.5 mm thick aluminium filter, rotation step of 0.6, frame averaging of 1
and a total scan time of approximately 35 minutes. Cross-sectional images were
reconstructed using a filtered back projection algorithm (N-Recon software, Bruker,
Kontich, Belgium) and saved as 8-bit grey level files (bitmap format). The stack of
reconstructed cross-section images of the front and hind paws were realigned in 3D with
the long axis of the paw aligned along the inferior-superior direction of the images
(Dataviewer software, Bruker), as previously described (44).

Selection of volume of interest (VOI) for analysis:
For each front paw, 280 contiguous cross-sections (corresponding to a VOI length of 2.4
mm), starting from 200 cross-sections (1.7 mm) distally to the epiphyseal growth plate of
the radiocarpal joint extending through the joint up to 80 cross-sections (0.68 mm)
proximally, were used for analysis of both bone and surrounding soft tissue. A cylindrical
VOI (4.5 mm diameter, 2.4 mm in length) was used and positioned according to the
location of each individual paw in the image (42).
In the hind paws, 600 cross-sections (corresponding to a VOI length of 5.1 mm),
extending from the posterior surface of the calcaneus through the proximal tarsal and
metatarsal bones, were used for analysis of the bone. A polygonal region of interest was
used to trace around the calcaneus, metatarsal and tarsal bones, excluding the tibia and
fibula (Figure 4.2). Whereas for the soft tissue analysis, 200 cross-sections were used
(corresponding to a length of 1.7 mm), extending from the most posterior aspect of the
metatarsal bones, excluding the calcaneus and including the cuboid (Figure 4.2). On
these, a standardised cylindrical VOI (5.5 mm diameter, 1.7 mm in length) was selected
for quantification.
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Figure 4.2. 3D micro-CT images of the left hind paw (top view), including calcaneus,
tarsal and metatarsal bones for quantitative analysis; bone represented in white
colour and soft tissue in red colour. A. The lengths of the volumes of interest (VOIs)
used for micro-CT analysis are indicated by the yellow arrows for bone analysis (VOI
length of 600 cross sections, corresponding to 5.1 mm) and red arrows for soft tissue
analysis (VOI length 200 cross sections, corresponding to 1.7 mm). The 3D rendering of
the VOI used for soft tissue analysis is presented in B (bone visible in transparency) and
C.

Imaging thresholding and calculation of bone volume and paw volume:
On the VOIs specified above, the bone volume (BV, in mm3) and the paw volume (PV,
in mm3, which includes the surrounding soft tissue of the radiocarpal, tarsal and
metatarsal bones), were quantified in 3D using uniform thresholding (CT Analyser
software, Bruker). In the grey-level histogram of the reconstructed cross-section images
(bitmap format, 256 grey levels, ranging from 0 to 255), the grey level values in the lower
range (from 0 to 11) corresponded to air or background, followed in increasing order by
values of the soft tissue (ranging from 12 to 134) and bone (from 135 to 255) (44). Two
fixed minimum threshold values were applied to the specimens for segmentation. One
minimum threshold level was used for segmenting the bone pixels only (minimum
threshold level 135 to maximum level 255), leaving air and surrounding soft tissue as
background (44-46). The second minimum threshold level was for segmenting the paw,
soft tissue and bone together, (minimum threshold level 12 to maximum level 255) and
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leaving air as the background (44-46). By applying the corresponding threshold values to
each specimen, automated calculation was performed of BV and PV (CT Analyser
software, Bruker). The BV was calculated as the volume occupied by the voxels
segmented as bone and the PV was calculated as the volume occupied by the voxels
segmented as paw, which included both bone and the surrounding soft tissue. For the PV
measurements, loose speckles in the segmented images which originated from noise
pixels were removed. This was completed using a cycle of the software function ‘sweep’
(CT Analyser software, Bruker) which automatically removes all but the largest object in
3D volume, maintaining the paw as the largest object. BV and PV were then quantified
using the marching cubes method (CT Analyser software, Bruker) (47-50).

4.4.5. Histological analysis of the radiocarpal joints and hind paws
Following decalcification of the front and hind paws using 10% Ethylene
diaminetetraacetic acid (EDTA), paws were processed for paraffin embedding and serial
sagittal sections were cut (5 µm) for histological analysis. Routine haematoxylin and
eosin (H&E) staining was conducted and sections were imaged using the NanoZoomer
Digital Pathology System (NDP Hamamatsu, Hamamatsu City, Japan) for semiquantitative analysis at 40x magnification. Histological evaluation of the radiocarpal joint
and hind paw was carried out by two-blinded observers using a previously described
scoring method (51). The number of inflammatory cells was assessed within the joints;
normal tissue (< 5% inflammatory cells) was scored as 0, mild inflammation (6-20%
inflammatory cells) was scored as 1, moderate inflammation (21-50% inflammatory
cells) was scored as 2 and severe inflammation (> 51% inflammatory cells) was scored
as 3. Cartilage and bone destruction were assessed using a 0 to 3-point scale system (0,
normal tissue; 1, mild cartilage destruction; 2, evidence of both cartilage and bone
destruction; 3, severe cartilage and bone destruction). Pannus formation was scored as
either, 0 no pannus or 1 pannus formation (52).
Tartrate resistant acid phosphatase (TRAP) staining was also conducted on serial sagittal
sections of the front and hind paws to identify the presence of osteoclast-like cells on the
bone surface and pre-osteoclast-like cells in the surrounding soft tissue of the radiocarpal
joints and hind paws. Sections were incubated with TRAP solution at 37 ℃ for 60 minutes
and counterstained with haematoxylin as previously described (53-55). The number of
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multinucleated TRAP positive cells (> 3 nuclei) were counted by two blinded observers
using 40x magnified images on the NanoZoomer Digital Pathology System (NDP
Hamamatsu, Hamamatsu City, Japan). A consistent region of interest (2.16 mm 2) was
used for analysis, to include cells found on the bone surface (51) and within the
surrounding soft tissue of the radiocarpal joints and hind paws (42).

4.4.6. Statistical analysis
Statistical analysis was performed using GraphPad Prism® software (V 7.03; GraphPad
Software, La Jolla, CA, USA) and SPSS Statistics (V 25; IBM SPSS Software, NSW,
Australia). For von Frey analysis, a linear mixed-effects model was used, controlling for
clustering on mouse and for repeated measurement over time using a Variance
Components covariance structure. Assumptions of a linear model were found to be upheld
by inspection of histograms and scatter plots of residuals and predicted values. An
interaction of Group (1 = Control, 2 = CAIA, 3 = CAIA + PAR 1 mg/kg and 4 = CAIA
+ PAR 4 mg/kg) and Day (day of test) was included with adjustment for paw side (left
and right paws).
For paw score, micro-CT and histology data, differences among groups were analysed
using the non-parametric Kruskal-Wallis test and if significant, differences between two
groups were analysed using the Mann-Whitney U test. All values shown are mean ±
standard error of the mean (SEM). Statistical significance was determined when a p-value
of 0.05 or less was identified.

4.5. Results
4.5.1. Assessment of local paw inflammation
Induction of CAIA resulted in significant redness, tenderness and inflammation in the
front and/or hind paws of all disease groups following LPS administration on day 3, as
evident in the macroscopic images in Figure 4.3A. CAIA mice exhibited significantly
greater paw scores compared to control mice from day 5 to day 10 (p < 0.0003; Figure
4.3B). On day 8, 9 and 10, CAIA mice treated with 4 mg/kg PAR had significantly lower
paw scores compared to CAIA mice (p = 0.041, p = 0.019 and p = 0.017, respectively;
Figure 4.3B). On day 10, CAIA mice treated with 1 mg/kg PAR also had significantly
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lower paw scores compared to CAIA mice (p = 0.032). From day 8 to day 10, CAIA mice
treated with 4 mg/kg PAR had slightly lower paw scores compared to CAIA mice treated
with 1 mg/kg PAR, however this was not statistically significant.

Figure 4.3. Clinical evaluation of local inflammation. A. Representative macroscopic
appearance of the front paws at day 7 post-arthritis induction. B. Average paw scores of
each group over the 10-day model. Error bars represent SEM (n = 8 mice per Control,
CAIA + PAR 1 mg/kg and CAIA + PAR 4 mg/kg; n = 6 mice per CAIA; * p < 0.05 CAIA
+ PAR 4 mg/kg vs CAIA).

4.5.2. Assessment of mechanical allodynia
There was no statistically significant interaction between Group and Day of Test for the
outcome tactile paw withdrawal threshold (g) when controlling for Paw side (interaction
p value = 0.903). There was also no statistically significant association between tactile
paw withdrawal threshold and Paw side, when controlling for the Group*Day of Test
interaction (p = 0.306).
The mean paw withdrawal threshold decreased in control mice from day 4 (1.52 ± 0.13
g) to day 6 (1.29 ± 0.14 g), however this was not statistically significant (Table 4.1 and
Figure 4.4). Control mice also had the lowest mean paw withdrawal threshold compared
to CAIA and CAIA PAR treated mice throughout the 10 day model (Table 4.1 and 4.2,
Figure 4.4). Conversely, the mean paw withdrawal threshold was greatest in CAIA mice
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from day 4, when local inflammation is first visible (1.83 ± 0.13 g), to day 8, when local
inflammation reaches its peak (1.57 ± 0.17 g, Figure 4.3). Interestingly, when
inflammation peaks between day 6 and 8, mean paw withdrawal thresholds decreased in
all diseased groups. This was particularly evident in CAIA mice treated with either 1
mg/kg or 4 mg/kg PAR (Figure 4.4). Paw withdrawal thresholds in CAIA mice treated
with 1 mg/kg PAR decreased from 1.64 ± 0.14 g on day 6 to 1.37 ± 0.15 g on day 8, while
paw withdrawal thresholds in CAIA mice treated with 4 mg/kg PAR decreased from 1.58
± 0.14 g on day 6 to 1.40 ± 0.15 g on day 8. However, this change was not statistically
significant in either group. Again, although not significant, when inflammation subsides
from day 8 to 10, there is a slight increase in mean paw withdrawal thresholds observed
in CAIA mice treated with either 1 mg/kg (1.37 ± 0.15 g on day 8 to 1.49 ± 0.13 g on day
10) and 4 mg/kg PAR (1.40 ± 0.15 g on day 8 to 1.61 ± 0.13 on day 10, Figure 4.4). Mean
paw withdrawals also did not significantly differ between all groups on each day of von
Frey testing (Table 4.2).

165

Chapter 4: Experimental Study 3

Figure 4.4. Paw withdrawal threshold of the hind paws assessed by application of
von Frey filaments. Mean tactile paw withdrawal threshold of each group on alternate
days throughout the 10-day model. Error bars represent SEM (n = 8 mice per Control,
CAIA + PAR 1 mg/kg and CAIA + PAR 4 mg/kg; n = 6 mice per CAIA).
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Table 4.1. Mean and standard error of the mean (SEM) of paw withdrawal
threshold (g) in all groups at each day of von Frey testing
Day of Test

Group

Mean

SEM

2

1

1.419

0.131

2

1.497

0.151

3

1.383

0.131

4

1.608

0.131

1

1.524

0.114

2

1.826

0.132

3

1.682

0.114

4

1.532

0.114

1

1.288

0.140

2

1.702

0.162

3

1.640

0.140

4

1.580

0.140

1

1.344

0.146

2

1.569

0.168

3

1.367

0.146

4

1.401

0.146

1

1.373

0.130

2

1.532

0.150

3

1.489

0.130

4

1.612

0.130

4

6

8

10

Groups: 1 = Control, 2 = CAIA, 3 = CAIA + PAR 1 mg/kg and 4 = CAIA + PAR 4 mg/kg
SEM; Standard Error of the Mean
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Table 4.2. Linear mixed-effects model of paw withdrawal threshold (g): mean
differences
Day of Test

2

4

6

8

10

Group

Difference in paw withdrawal

Comparison

Comparison

threshold (95% CI)

P value

1 vs 2

-0.08 (-0.48, 0.32)

0.696

2 vs 3

0.11 (-0.29, 0.51)

0.571

2 vs 4

-0.11 (-0.511, 0.29)

0.581

3 vs 4

-0.22 (-0.5.9, 0.15)

0.230

1 vs 2

-0.30 (-0.65, 0.05)

0.088

2 vs 3

0.14 (-0.20, 0.49)

0.413

2 vs 4

0.29 (-0.05, 0.64)

0.098

3 vs 4

0.15 (-0.17, 0.47)

0.356

1 vs 2

-0.41 (-0.84, 0.01)

0.058

2 vs 3

0.06 (-0.37, 0.49)

0.773

2 vs 4

0.12 (-0.31, 0.55)

0.570

3 vs 4

0.06 (-0.34, 0.46)

0.762

1 vs 2

-0.22 (-0.67, 0.22)

0.318

2 vs 3

0.20 (-0.24, 0.65)

0.370

2 vs 4

0.17 (-0.28, 0.61)

0.455

3 vs 4

-0.034 (-0.45, 0.38)

0.870

1 vs 2

-0.16 (-0.56, 0.24)

0.432

2 vs 3

0.04 (-0.36, 0.44)

0.836

2 vs 4

-0.08 (-0.48, 0.32)

0.685

3 vs 4

-0.12 (-0.49, 0.25)

0.509

Groups: 1 = Control, 2 = CAIA, 3 = CAIA + PAR 1 mg/kg and 4 = CAIA + PAR 4 mg/kg
P values less than 0.05 were considered to be statistically significant.
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4.5.3. Micro-computed tomography analysis of bone volume (BV) and paw volume (PV)
Front Paws:
BV measured in the radiocarpal joints was significantly lower in CAIA mice (1.05 ± 0.05
mm3) and CAIA mice treated with 1 mg/kg (0.98 ± 0.04 mm3) and 4 mg/kg PAR (0.93 ±
0.04 mm3) in comparison to control mice (1.24 ± 0.05 mm3, p = 0.017, p = 0.0007 and p
< 0.0001, respectively; Figure 4.5A). CAIA mice treated with 1 mg/kg and 4 mg/kg PAR
tended to have slightly lower BV in the radiocarpal joint compared to CAIA mice,
however this was not statistically significant.
PV in the radiocarpal joint was significantly higher in CAIA mice (37.14 ± 2.07 mm3)
and CAIA mice treated with 1 mg/kg (34.74 ± 2.05 mm3) and 4 mg/kg PAR (34.94 ± 1.75
mm3) compared to control mice (24.17 ± 0.82 mm3, p < 0.0001, p = 0.0004 and p <
0.0001, respectively; Figure 4.5B). CAIA mice treated with 1 mg/kg and 4 mg/kg PAR
showed lower PV measurements compared to CAIA mice. However, this was not
significantly different.
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Figure 4.5. Assessment of bone volume (BV) and soft tissue swelling (paw volume, PV) of the radiocarpal joint by high resolution microCT at day 11. A. Three-dimensional micro-CT models (length 2.4 mm) of the radiocarpal joint (bone in white colour) and of the surrounding soft
tissue (indicated in red colour) in the right paw. White arrows represent the width of the soft tissue volume for controls and yellow arrows for each
disease group, highlighting the differences among them. Mean BV (B) and PV (C) expressed in mm3 in the radiocarpal joint as assessed by microCT analysis at day 11. Error bars represent SEM. (n = 16 paws (left and right together) per Control, CAIA + PAR 1 mg/kg and CAIA + PAR 4
mg/kg; n = 12 paws (left and right together) per CAIA; * p < 0.05, *** p < 0.0004 and **** p < 0.0001 vs control).
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Hind Paws:
Similar to the front paws, BV measured in the hind paws was significantly lower in CAIA
mice (3.64 ± 0.08 mm3) and CAIA mice treated with 1 mg/kg (3.40 ± 0.07 mm3) and 4
mg/kg PAR (3.30 ± 0.07 mm3) compared to control mice (3.98 ± 0.14 mm3, p = 0.01, p
= 0.0004 and p = 0.0001, respectively; Figure 4.6A). CAIA mice treated with 4 mg/kg
PAR were also found to have a significantly lower BV compared to CAIA mice in the
hind paw (p = 0.004).
Despite the difference in BV in the hind paws, between CAIA and CAIA treated groups,
there was evidence of bone resorption pits in the 3D images of both the navicular (Figure
4.7) and cuboid (Figure 4.7) of all CAIA groups. However, it was also not conclusive
whether these bone resorption pits were reduced following PAR treatment when
compared to CAIA untreated mice.
A significant increase in PV was observed in the hind paws of CAIA mice (24.70 ± 0.53
mm3), and CAIA mice treated with PAR with both 1 mg/kg (25.61 ± 0.57 mm3) and 4
mg/kg doses (24.65 ± 0.93 mm3) compared to control mice (13.15 ± 0.33 mm3; p <
0.0001; Figure 4.6B). There was no significant difference in PV measured in the hind
paws between CAIA and CAIA treated groups.
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Figure 4.6. Assessment of bone volume (BV) and paw volume (PV) in the hind paw
by micro-CT. Mean BV (A) and PV (B) expressed in mm3 in the hind paw as assessed
by micro-CT analysis at day 11. Error bars represent SEM (n = 16 paws (left and right
together) per Control, CAIA + PAR 1 mg/kg and CAIA + PAR 4 mg/kg; n = 12 paws
(left and right together) per CAIA; * p = 0.01, *** p = 0.0001 and **** p < 0.0001 vs
control; ## p = 0.04 vs CAIA).

172

Chapter 4: Experimental Study 3

Figure 4.7. Representative three-dimensional models of the right hind paw showing
bone resorption pits in the navicular. A. Superior view of right hind paws from the
control (First column), CAIA (Second column), CAIA + PAR 1 mg/kg (Third column)
and CAIA + PAR 4 mg/kg groups (Fourth column). Orange boxes identify the navicular
which is presented at greater magnification (B) to highlight the pitting present in this
bone.
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Figure 4.8. Representative three-dimensional models of the right hind paw showing
bone resorption pits in the cuboid. A. Lateral view of right hind paw from the control
(First column), CAIA (Second column), CAIA + PAR 1 mg/kg (Third column) and CAIA
+ PAR 4 mg/kg groups (Fourth column). Orange boxes identify the cuboid which is
presented at greater magnification (B) to show the pitting present in this bone.
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4.5.4. Histological analysis of the radiocarpal joint
Representative images of H&E and TRAP staining in the radiocarpal joint are presented
in Figure 4.9. Histological evaluation of sagittal sections of the radiocarpal joint showed
that CAIA mice had significantly greater scores for cellular infiltration, cartilage and bone
degradation and pannus formation compared to control mice (p = 0.0005; Figure 4.10).
Although CAIA mice treated with PAR at either 1 mg/kg or 4 mg/kg exhibited reduced
scores for cellular infiltration, cartilage and bone degradation and pannus formation
compared to CAIA mice, this was not statistically significant (Figure 4.10). There was
also no significant difference in histological scores between the two treatment groups.
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Figure 4.9. Representative immunohistochemical images of the radiocarpal joint (20x magnification) from the Control (First column), CAIA
(Second column), CAIA + PAR 1 mg/kg (Third column) and CAIA + PAR 4 mg/kg groups (Fourth column); Top Row (Haematoxylin and Eosin;
H&E); Bottom Row (Tartrate Resistant Acid Phosphatase; TRAP). Scale bars represent 100 µm.
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Figure 4.10. Semi-quantitative analysis of inflammatory cell infiltration, cartilage and
bone degradation and pannus formation in H&E stained sagittal sections of the
radiocarpal joint. Error bars represent SEM (n = 16 paws (left and right together) per
Control, CAIA + PAR 1 mg/kg and CAIA + PAR 4 mg/kg, n = 12 paws (left and right
together) per CAIA; *** p < 0.0005 vs control).

Compared to control mice (0.125 ± 0.125 cells), a significantly greater number of
multinucleated TRAP positive cells were observed on the bone surface within the
radiocarpal joints of CAIA mice (25.58 ± 5.29 cells, p < 0.0001) and CAIA mice treated
with 1 mg/kg (14 ± 4.27 cells, p < 0.0001) or 4 mg/kg PAR (13.13 ± 3.68 cells, p <
0.0001; Figure 4.9 and Figure 4.11A). CAIA mice treated with 4 mg/kg PAR had a
significantly lower number of multinucleated TRAP positive cells on the bone surface of
the radiocarpal joint compared to CAIA mice (p = 0.04; Figure 4.11A). CAIA mice
treated with 4 mg/kg PAR also had a reduced number of multinucleated TRAP positive
cells within the surrounding soft tissue of the radiocarpal joint (35.94 ± 13.85 cells)
compared to both CAIA mice (64.17 ± 23.64 cells) and CAIA mice treated with 1 mg/kg
PAR (44.87 ± 16.05 cells), however this was not statistically significant (Figure 4.11B).
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Figure 4.11. Assessment of osteoclasts and pre-osteoclasts within the radiocarpal
joint. Average values of TRAP positive multinucleated cells on the bone surface (A) and
within the surrounding soft tissue (B) in a 2.16 mm2 area of the radiocarpal joint. Error
bars represent SEM (n = 16 paws (left and right together) per Control, CAIA + PAR 1
mg/kg and CAIA + PAR 4 mg/kg; n= 12 paws (left and right together) per CAIA; ****
p < 0.0001 vs control, # p = 0.04 CAIA + PAR 4 mg/kg vs CAIA).

4.5.5. Histological analysis of the hind paw
Histological evaluation of sagittal sections of the hind paws showed similar results to the
radiocarpal joint, as CAIA mice had significantly greater scores for cellular infiltration,
cartilage and bone degradation and pannus formation compared to control mice (p <
0.0001; Figure 4.12). Similarly, there was no significant difference in the scores for
cellular infiltration, cartilage and bone degradation and pannus formation in the hind paws
between all CAIA and CAIA treated groups (Figure 4.12).
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Figure 4.12. Semi-quantitative analysis of inflammatory cell infiltration, cartilage and
bone degradation and pannus formation in H&E stained sagittal sections of the hind paw.
Error bars represent SEM (n = 16 paws (left and right together) per Control, CAIA + PAR
1 mg/kg and CAIA +PAR 4 mg/kg, n = 12 paws (left and right together) per CAIA; ****
p < 0.0001 vs control).

In the hind paw, a significantly greater number of multinucleated TRAP positive cells
was observed on the bone surface and in the surrounding soft tissue of all CAIA and
CAIA treated mice compared to control mice (p < 0.0001; Figure 4.13A and 4.13B).
Similar to the radiocarpal joint, CAIA mice treated with 4 mg/kg PAR had a lower
number of multinucleated TRAP positive cells (5 ± 1.09 cells) on the bone surface of the
hind paw compared to CAIA mice treated with 1 mg/kg PAR (6.13 ± 2.36 cells), however
this was not statistically significant (Figure 4.13A). Within the surrounding soft tissue of
the hind paw, CAIA mice treated with both 1 mg/kg and 4 mg/kg PAR had significantly
lower numbers of multinucleated TRAP positive cells (14.31 ± 5.69 cells and 9.31 ± 2.05
cells, respectively) compared to CAIA mice (27.55 ± 5.90 cells, p = 0.025 and p = 0.006,
respectively; Figure 4.13B). However, there was no significant difference between the
two treatment groups.
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Figure 4.13. Assessment of osteoclasts and pre-osteoclasts within the hind paw.
Average values of TRAP positive multinucleated cells on the bone surface (A) and within
the surrounding soft tissue (B) in a 2.16 mm2 area of the hind paw. Error bars represent
SEM (n = 16 paws (left and right together) per Control, CAIA + PAR 1 mg/kg and CAIA
+ PAR 4 mg/kg; n = 12 paws (left and right together) per CAIA; **** p < 0.0001 vs
control, # p = 0.025 CAIA + PAR 1 mg/kg vs CAIA, ## p = 0.006 CAIA + PAR 4 mg/kg
vs CAIA).
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4.6. Discussion
Despite improvements in disease control and remission (6), there are limited effective
treatments available that collectively target the key pathogenic features of inflammation,
bone destruction and pain in RA. Thus, joint destruction and RA associated pain are still
major problems for RA patients. Parthenolide (PAR), an NF-B inhibitor has been shown
to reduce inflammation, bone loss and pain-like behaviour in animal models of different
pathological conditions (36-40). However, there are currently no studies which have
investigated the effect of PAR on these three key pathogenic features of RA
simultaneously. Thus, this study extended previous findings by assessing the effect of
PAR treatment at 1 mg/kg and 4 mg/kg on inflammation, bone loss and pain
concomitantly in an inflammatory arthritis mouse model.

This study utilised the commercially available and well-established CAIA mouse model
which rapidly initiates pathogenic features similar to those found in RA. A mild form of
the disease was induced with 150 µl (1.5 mg/mouse) of a cocktail of collagen monoclonal
antibodies combined with 10 µg of LPS, based on previous studies within our laboratory
(44, 56). Paw inflammation was present in the mild CAIA model, as evidenced by
significantly greater paw scores compared to non-diseased controls from day 5 to 10.
These paw scores were greatest at day 8, consistent with the previously reported timeline
of disease (57). Paws remained inflamed at the conclusion of the model as shown by
significantly greater PV when assessed by ex-vivo micro-CT. As expected, the mild CAIA
model resulted in severe joint destruction and significantly lower BV in the radiocarpal
joint and hind paws when compared to non-diseased controls. Previous analysis of the
mild CAIA model was extended in this study by analysis of pain-like behaviour in
response to disease, as well as analysis of both front and hind paws to enable complete
characterisation of disease induction within the CAIA model.

The results of this study suggest that the suppression of NF-B through PAR treatment,
may have potential benefits in reducing inflammation as assessed by clinical paw scoring
and high-resolution micro-CT analysis. The current study found that PAR administered
at 1 mg/kg and 4 mg/kg significantly reduced local inflammation in CAIA mice, as
evidenced by paw scores at day 10. PAR at 4 mg/kg appeared to have a greater effect on
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local inflammation as paw scores remained lower compared to CAIA untreated mice from
day 6 and were reduced even further from day 8, compared to CAIA mice treated with 1
mg/kg PAR. However, at day 10, following daily treatment, it was evident that levels of
local inflammation were the same in both PAR treated groups, despite the dose
administered.

Analysis of local inflammation through clinical paw scoring was extended through novel
techniques of high-resolution micro-CT previously established within our laboratory (42,
44), to quantitate this inflammation in the front and hind paws. Following micro-CT
analysis at endpoint, PV was greater in the front and hind paws of all CAIA groups in
comparison to non-diseased controls. Front paw PV was also similar in CAIA mice
treated with either 1 mg/kg or 4 mg/kg PAR. Although inflammation was lower at
endpoint in the radiocarpal joints of these groups, PV had not been reduced to control
levels. Interestingly, PV in the hind paws was also not reduced by PAR treatment and
was slightly higher in CAIA mice treated with 1 mg/kg PAR. This contrasts with a
previous study which showed reduced local inflammation in the hind paws of rats
following treatment with 1 mg/kg PAR at the onset of CIA symptoms. This, however,
could be attributed to the large variability in local paw inflammation in response to
systemic administration of mild CAIA, as well as the systemic administration of PAR,
resulting in difficulty detecting treatment effects within the mild CAIA model.

Histological analysis of the radiocarpal joints and hind paws at endpoint, supports a
reduction in local inflammation in CAIA mice treated with either 1 mg/kg or 4 mg/kg
PAR. Although not significant, scores for inflammatory cell infiltration and pannus
formation were lower in the front paws of PAR treated mice in comparison to CAIA
untreated mice. There was also no difference in histological scores for cellular infiltration
and pannus formation between both PAR treated groups, consistent with the clinical paw
scores observed at day 10. This reduction in histological scores was also not observed in
the hind paws. This was again unexpected, as previous studies have shown 1 mg/kg PAR
to inhibit the pro-inflammatory effects of TNF-aand IL-1β, resulting in a reduction in
inflammation and pannus formation in the synovial joints of CIA rat hind paws (38). PAR
has also previously been shown to inhibit fibroblast-like synoviocyte (FLS) proliferation
in vitro (58). However, along with the presence of pro-inflammatory cytokines, FLS
182

Chapter 4: Experimental Study 3

proliferation in the synovial joints of CAIA mice was not assessed in the current study.
Thus, it can not be confirmed if a reduction in pannus formation scores in CAIA PAR
treated (1 mg/kg or 4 mg/kg) mice is due to inhibition of FLS production or inflammatory
cell infiltration. Future studies could therefore assess the presence and proliferation of
FLS and inflammatory cells in synovial joints of CAIA mice following PAR treatment,
to identify if PAR is actively suppressing these cells.

The influence of enhanced NF-B signalling on pain in the complex disease progression
of inflammatory arthritis is currently not known. However, previous studies in peripheral
nerve injury models, suggest that activation of NF-B can play a role in the development
of neuropathic pain and pain-like behaviours such as mechanical allodynia and
hyperalgesia (20-22). In the current study, inhibition of NF-B through PAR treatment
did not reduce mechanical allodynia in CAIA mice, as evidenced by inconsistent paw
withdrawal thresholds throughout the model. Paw withdrawal thresholds in CAIA
untreated mice remained consistent from day 2 to 8 and did not significantly differ from
non-diseased control thresholds despite the presence of mild paw inflammation. This is
not consistent with a previous study by Bas et al. 2012 using a moderate CAIA model,
which displayed robust mechanical allodynia concomitant with the onset of joint
inflammation in Balb/c mice (7). This suggests that the milder inflammatory response and
limited joint destruction induced within the mild CAIA model did not result in mechanical
allodynia which can be detected through the von Frey paw withdrawal test. In the previous
study paw withdrawal thresholds did not return to baseline four weeks following the
reduction of symptoms (7) and is consistent with current clinical findings of pain-like
behaviour in RA patients (5, 59, 60). Increased pain withdrawal thresholds following the
reduction of local inflammation, however, was not evident in the current study, as
remission stages of the CAIA model were not investigated or extended past 10 days.
Future studies in in vivo animal models of inflammatory arthritis, should therefore assess
the presence of mechanical allodynia prior to the onset of symptoms and during remission
stages of the induced model, as it is more clinically relevant and may identify different
mechanisms that initiate early pain-like behaviour in RA.

The inconsistencies in paw withdrawal thresholds between groups within this study,
particularly between CAIA untreated and non-diseased controls could be attributed to the
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von Frey paw withdrawal method implemented to assess mechanical allodynia. The von
Frey test is a classical method that has been used widely to examine neuropathic pain in
animals (43, 61, 62). However, several disadvantages in the application of the test have
recently been identified, highlighting the subjectivity of the test and the varied paw
withdrawal behaviours observed in different strains of animals and in different animal
models of inflammation (63-66). The manual von Frey technique used, applies the
filaments to the inflamed tissue of the animal a high number of times and as a result causes
greater discomfort and altered withdrawal behaviour in the mice (67). Studies have also
found that Balb/c mice become accustomed to the von Frey testing procedure (7). Despite
von Frey testing being carried out on alternate days in the current study, this may
contribute to the unexpected paw withdrawal thresholds identified. Future studies should
therefore incorporate a range of behavioural tests when assessing pain-like behaviour in
animal models of inflammatory arthritis, including electronic von Frey apparatus and
automated gait analysis, which have recently been made available and overlap with
manual von Frey paw withdrawal analysis.

PAR treatment at both 1 mg/kg and 4 mg/kg did not have an effect on BV in the front and
hind paws of CAIA mice at endpoint. Unexpectedly, BV in PAR treated CAIA mice,
appeared to decrease when compared to CAIA untreated mice and significantly so for
CAIA mice treated with 4 mg/kg PAR. Microscopic analysis of osteoclast-like cells
however identified a reduction in TRAP positive multinucleated cells on the bone surface
within the radiocarpal joint and hind paws, following PAR treatment, with a greater
reduction observed in CAIA mice treated with 4 mg/kg PAR. The presence of osteoclastlike cells was also reflected in 3D models of the hind paws which showed the presence
of bone resorption pits on the surface of the navicular and cuboid. It would be expected
that these bone resorption pits would decrease in size and number following PAR
treatment, however these were not numerically quantified and thus can not be confirmed.
This difference in macroscopic and microscopic analysis of bone loss in inflammatory
arthritis is consistent with a previous study which showed PAR treatment to have a
significant effect on reducing bone surface resorption induced by polyethylene particles
in a murine calvarial model of peri-implant osteolysis, with no effect on overall BV (68).
Within the current study, it is possible that the surface bone resorption evident through
microscopic TRAP analysis and through qualitative observations of bone resorption pits,
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are not having a major effect on volumetric reduction in the radiocarpal joints and hind
paws. Thus, quantification of bone resorption pits and BV of the smaller individual carpal
and tarsal bones in the front and hind paws, respectively, would provide a more accurate
analysis of the effects of PAR treatment on bone loss in CAIA mice.

Previous studies have identified that in animal models of inflammatory arthritis, including
the common CIA rat model, PAR treatment results in a reduction in inflammation with
little effect on overall bone loss (38). This was also evident in the current study which
found PAR at 1 mg/kg and 4 mg/kg to reduce local paw inflammation, however with no
change in overall BV. This could be attributed to the low dose of PAR used in both
treatment groups, as in the complex CAIA model, low dose PAR may be unable to inhibit
both local inflammation and the subsequent effect inflammation has on stimulating bone
destruction through NF-B signalling. In the current study, activation of the NF-B
signalling pathway was not directly measured in paw tissues. It was therefore not
confirmed if systemic administration of 1 mg/kg or 4 mg/kg PAR reached these areas to
actively suppress NF-B and reduce both inflammation and inflammatory induced bone
destruction concurrently. Thus, future studies could assess the phosphorylation of
proteins involved in NF-B signalling and the upregulation of cytokines involved in
inflammatory induced osteoclastogenesis, as NF-B plays a central role in regulating the
inflammatory process by controlling expression of these cytokines (34), to identify if
PAR actively suppresses NF-B in inflammatory arthritis.

4.7. Conclusion
In conclusion, the results showed that PAR treatment at both 1 mg/kg and 4 mg/kg
reduced local paw inflammation, however with little effect on mechanical allodynia in
the CAIA murine model. Furthermore, there is potential that in the presence of
inflammation, the low dose of PAR administered, may not be able to prevent
inflammatory induced bone loss through inhibition of NF-B signalling. Future studies
will need to confirm the expression of NF-B in osteoclasts and inflammatory cells, to
elucidate the specificity of PAR in the complex in vivo environment of inflammatory
arthritis. Further investigations involving new strategies to investigate pain-like
behaviour in the CAIA mouse model are also warranted, to clarify further the involvement
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of NF-B signalling in RA associated pain and the beneficial effect PAR may have on
this key pathogenic feature of RA.
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Chapter Summary:
In Chapters 2, 3 and 4 consistent pathogenic features of RA were not induced in the paws
of Balb/c mice using the mild subacute CAIA model. As such, large variability in the
development of inflammation and severity of the subsequent bone loss was identified in
the synovial joints following disease induction. This is consistent with previous findings
in our laboratory which were unable to identify changes in bone volume following
induction of mild CAIA in Balb/c mice and thus were unable to determine any treatment
effects. Thus, this study aimed to optimise the CAIA model to identify if a more moderate
model of CAIA would produce clear and consistent pathogenic features detected through
clinical paw scoring, histological analysis and high resolution micro-CT, as well as enable
the detection of treatment effects without severe joint destruction requiring euthanasia
prior to the conclusion of the model.
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5.1. Abstract
Animal models are extensively used to elucidate the pathogenesis of rheumatoid arthritis
(RA), however limited work evaluates the effect of joint destruction on pain in RA. The
collagen antibody-induced arthritis (CAIA) murine model reflects pathogenic features
identified in the effector phase of RA. Initial studies induce disease in CAIA models using
2.5-4.0 mg of a cocktail of monoclonal antibodies against type II collagen in combination
with E.coli lipopolysaccharide (25-50 µg), resulting in severe joint damage, making
analysis problematic. We previously induced a mild form of CAIA (1.5 mg monoclonal
antibodies with 10 µg LPS), however, with variability in disease prevalence and severity.
There are currently no studies comparing different disease severities on resulting joint
destruction and pain in the CAIA model. Thus, this study proposes that a greater dose (3
mg) of monoclonal antibodies followed by low dose (10 µg) LPS will lead to greater
disease severity and pain in the CAIA model.
Female Balb/c mice were allocated to 3 groups; control (n = 5), mild CAIA (1.5 mg
monoclonal antibodies + 10 µg LPS; n = 5) and moderate CAIA (3 mg monoclonal
antibodies + 10 µg LPS; n = 8). Assessment of local paw inflammation was conducted
daily, whilst mechanical allodynia was assessed in the hind paws on alternate days. At
endpoint, bone volume (BV) and paw volume (PV; paw swelling) was assessed in the
front and hind paws by micro-CT. Serial histological sections of the front paws were
stained with haematoxylin and eosin (H&E) and tartrate-resistant acid phosphatase
(TRAP), and assessed for joint inflammation, cartilage and bone damage and osteoclastlike cells.
From day 4-10, moderate CAIA mice had significantly greater paw scores compared to
mild CAIA mice (p < 0.01), however mechanical allodynia was not observed in either
group. At end point, moderate CAIA mice had significantly greater PV and histological
scores for cellular infiltration and pannus formation compared to mild CAIA mice (p <
0.01 and p = 0.02, respectively). However, there was no significant difference in BV or
the presence of TRAP positive cells between mild and moderate CAIA mice.
The findings of this study ascertain that a moderate dose of the cocktail of monoclonal
antibodies combined with low dose LPS induces greater inflammation and oedema in all
paws, with little effect on overall joint destruction, presence of osteoclast-like cells and
pain-like behaviour in the CAIA murine model.
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5.3. Introduction
A prerequisite for identifying effective targets for novel therapeutics for rheumatoid
arthritis (RA) is to elucidate the disease mechanisms involved. This can only be achieved
using animal models, as they provide the opportunity for a detailed analysis of the disease
pathways and pathogenesis of RA, as well as the validation of therapeutic targets.
Recently, there has been a move away from using traditional murine models of end-stage,
chronic disease as there is a growing need to consider the earlier phases of RA
pathogenesis as a target for treatment (1). This is beneficial for the study of RA and the
development of new therapeutic targets as current therapeutics may take several months
to effectively control inflammation in order to restore joint function and pain, thus
allowing bone erosion to progress.

RA patients often identify pain as a major symptom and pain often persists despite
optimal control of inflammation and disease progression (2-4). RA associated pain is
complex and arises from multiple mechanisms involving inflammation, peripheral and
central pain processing and structural changes within the joint, and is often associated
with neuropathic pain (4-7). Pain is an important indicator of active inflammation in RA,
however it is known that non-inflammatory mechanisms contribute to pain and RA
associated pain can persist throughout remission (6, 8). Thus, animal models have the
potential to provide further insights into the pathology that initiates and maintains pain in
RA.

Pain in RA has been widely investigated in rat and mouse models of chronic immune
mediated articular inflammation (9-11). However, there are several frequently used
models of RA that are not adapted for studies of pain. Recently studies of arthritis-related
pain have been performed in the K/BxN serum transfer model (10). In this model
peripheral pain was evident at later stages of the disease and resulted in persistent
mechanical allodynia, where innocuous stimuli cause pain (10). Similarly, antigeninduced arthritis (AIA) resulted in mechanical hyperalgesia, enhanced pain responses to
a noxious stimulus, in ipsilateral and contralateral knees and hind paws of rats (12). Painlike behaviour in these animal models results from complex interactions between joint
destruction, disease longevity and altered pain processing. However, existing evidence is
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insufficient to determine whether pain mechanisms differ between acute and chronic
models of inflammatory arthritis.

The most widely used animal model for RA is the collagen induced arthritis (CIA) model,
which was first developed in rats and later adapted to mice (13-15). This model is
reproducible, well defined and has proven useful for the development of new therapies in
RA. Pathological features of RA are induced in the CIA model following immunisation
with autologous or heterologous type II collagen in complete Freund’s adjuvant, with the
onset of clinical signs occurring at day 20-30 following immunisation (16, 17).
Susceptibility of rodents to the disease is strongly associated with major
histocompatibility complex class II genes and results in the development of an acute to
subacute, monophasic erosive polyarthritis following immunisation (18). As a result,
there is considerable individual variability observed among animals with respect to
incidence, synchronicity and distribution of lesions (18, 19). Thus, recent studies have
identified a systemically induced, passive immunisation model which is a direct
derivative of the CIA model, known as the collagen antibody-induced arthritis (CAIA)
model.

Clinical and histological characteristics of CAIA joints are similar to those seen in CIA
and mimic the important pathogenic features of human RA, such as inflammatory
synovitis, formation of pannus, cartilage degradation and bone remodelling (20). CAIA
can be induced by serum transfer from arthritic mice or human RA patients, however it
is more practical to use commercially available cocktails of monoclonal antibodies
targeted to type II collagen (21, 22). Induction of inflammatory arthritis in the CAIA
model is B and T cell independent and susceptibility to CAIA is major histocompatibility
complex independent (21, 23). As a result, CAIA doesn’t recapitulate the complexity of
the immune system and tissue remodelling response which is evident during human RA
and the CIA model (24). However, it suggests a regulatory role for these inflammatory
cells at the effector level and confirms the pivotal role that pro-inflammatory cytokines
have in RA. Similar to RA, inflammation and joint destruction in the CAIA model is
predominantly mediated by pro-inflammatory cytokines, including tumour necrosis
factor-alpha (TNF-a and interleukin-1 beta (IL-1β). These cytokines have been reported
to be produced in the synovial joints of mice during CAIA induction and are required for
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the development of hypersensitivity in ongoing joint inflammation in mice (9, 25, 26).
This creates an advantageous murine model of RA as peak disease occurs within 6 days,
as opposed to the CIA model, where the first signs of arthritis appear 21-28 days
following immunisation (16, 18, 20, 27).

Not all autoantibodies to collagen type II however are capable of inducing arthritis (2830). This is because the activation of complement on the surface of cartilage requires that
multiple antibodies sequestered within cartilage layers are available for this activation as
the first step of the inflammatory cascade (28, 29, 31). Due to this Terato et al. 1995,
identified that bacteria toxins such as E.coli lipopolysaccharide (LPS) have a strong
synergistic effect with autoantibodies to collagen type II (21, 32). LPS can therefore be
used to reduce the threshold level and number of monoclonal antibodies required for
induction of arthritis. This is another major advantage of the CAIA model, as the
combination of the monoclonal antibodies with LPS increases the incidence and severity
of disease onset (21, 32).

Previous studies have used different doses of monoclonal antibodies (ranging from 1-4
mg/mouse) and LPS (ranging from 5-50 µg/mouse) in the CAIA model (9, 20, 21, 33,
34). Khachigian 2006, recommends a dose of 2-4 mg of monoclonal antibodies in
combination with a dose of LPS between 25 µg and 50 µg, to achieve the desired
pathological symptoms (20). A high LPS dose of 50 µg produces a florid arthritic reaction
and has been used to identify severe cartilage and bone destruction in the paws of mice
(20). However, the greater arthritic response causes severe destruction of joint
architecture, causing difficulty in histological assessment, the need for earlier euthanasia
and can also impede the assessment of co-morbidity factors such as diabetes, periodontal,
cardiac diseases and pain (35-37). Thus, a lower dose of LPS (10 µg) in combination with
1.5 mg monoclonal antibodies has been used by our group previously (33, 34, 38). This
use of a mild CAIA model still produces the desired arthritic response, which better
reflects the current presentation of RA in the clinic, and can be assessed effectively along
with co-morbidities.
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More recently, CAIA models conducted by our group using this mild model (1.5 mg
monoclonal antibodies, 10 µg LPS) and extending to 14 days of disease development,
were unable to identify any treatment effects or changes in bone volume assessed by
micro-computed tomography (micro-CT), which could be attributed to the arthritic
response being too mild (34). It is evident that previous studies have used a variety of
timelines and different doses of the monoclonal antibodies and LPS to induce
inflammatory arthritis in the CAIA model. There are, however, currently no studies
directly comparing different doses of monoclonal antibodies and LPS in regards to
clinical paw swelling, histological arthritis and bone changes in mice. Moreover, whereas
the CAIA arthritic response has been investigated in the front paws using micro-CT by
other groups including ours (33, 34, 38, 39), no study has yet assessed the hind paws with
this imaging modality. Assessing front and hind paws will enable a complete
characterisation of both inflammation and bone destruction in the CAIA murine model.
Further to this the effects of a mild or moderate arthritic response on pain withdrawal
have not been investigated at the effector phase of a short-term CAIA murine model.
Therefore, this study aimed to identify whether a higher dose (3 mg/mouse) of the cocktail
of monoclonal antibodies in combination with the low dose (10 µg) of LPS will produce
a more moderate model of inflammatory arthritis in comparison to the mild model (1.5
mg/mouse antibody with 10 µg LPS), over 10 days, which has previously been used by
us (33, 34, 38, 39) and in previous studies within this thesis.

5.4. Methods
This study was approved by the Animal Ethics Committee of the University of Adelaide
(M-2015-255B) and complied with the National Health and Medical Research Council
(Australia) Code of Practice for Animal Care in Research and Training (2014). Mice were
housed in approved conditions on a 12 hour light/dark cycle. Food and water were
provided ad libitum.

5.4.1. Collagen antibody-induced arthritis
A total of 18 female Balb/c mice aged 6 to 8 weeks were obtained from the University of
Adelaide Laboratory Animal Services and randomly divided into 3 groups: control (no
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arthritis; n = 5), mild CAIA (CAIA 1.5 mg monoclonal antibodies and 10 µg LPS; n = 5)
and moderate CAIA (CAIA 3 mg monoclonal antibodies and 10 µg LPS; n = 8).
To induce arthritis, mice were injected intravenously via the tail vein with a cocktail of
anti-type II collagen monoclonal antibodies (Arthrogen-CIAs Arthritogenic Monoclonal
Antibodies, Chondrex Inc., Redwood, WA, USA). On day 0, mice in the mild CAIA
group received one intravenous injection of 150 µl (total 1.5 mg/mouse) of the cocktail
of monoclonal antibodies (33, 34, 38, 39), while the moderate CAIA group received two
intravenous injections of 150 µl of the cocktail of monoclonal antibodies (total 3
mg/mouse) approximately 30 minutes apart. This was followed by an intraperitoneal
injection of 20 µl (10 µg/mouse) of LPS on day 3 in both groups (Figure 5.1). Control
animals were injected with phosphate buffered saline (PBS) alone at both time points.

Figure 5.1. Experimental collagen antibody-induced arthritis (CAIA) mouse model
timeline. Values represent days. D; Day, IHC; immunohistochemistry, LPS;
lipopolysaccharide,

mAb;

monoclonal

antibodies,

micro-CT;

micro-computed

tomography.

5.4.2. Clinical analysis of local paw swelling
Mice were monitored daily using an approved clinical record sheet for arthritic studies to
assess body weight and factors of general health. To assess clinical paw swelling,
individual paws were examined daily for redness, tenderness, swelling and inflammation
using a clinical paw scoring method previously described (Figure 5.1) (34). For each paw,
a score of 1 was given for an inflamed digit and a score from 0-5 was allocated for
swelling of the carpal/tarsal and swelling of the wrist/ankle. The maximum score for each
paw was 15, giving a possible total of 60 per mouse (34).
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5.4.3. Von Frey paw withdrawal test for the assessment of mechanical allodynia
Mechanical allodynia was assessed in mice using the von Frey paw withdrawal test. As
it has been reported that Balb/c mice develop a tolerance to this behavioural test (9), von
Frey testing was conducted on alternate days from day 0-10 (Figure 5.1). On testing days
mice were placed in a plastic cage with a wire mesh bottom which allows full access to
the paws and behavioural accommodation was allowed for approximately 15 minutes.
The hind paws were touched with one of a series of seven von Frey filaments with
logarithmically incremental stiffness of 0.04, 0.07, 0.16, 0.40, 0.60, 1.00 and 2.00 grams
(40). The von Frey filaments were presented perpendicular to the hind-plantar surface of
the hind paws with sufficient force to cause slight buckling against the paw and held for
approximately 6-8 seconds. A positive response was noted if the paw was sharply
withdrawn. Flinching immediately upon removal of the hair was also considered a
positive response. Ambulation was considered an ambiguous response, and in such cases
the stimulus was repeated.
The 50% paw withdrawal threshold was determined using the Dixon up-down method
(40). In this method, behavioural testing was initiated with the 0.40 gram filament, in the
middle of the series (40). Von Frey filaments were presented in a consecutive fashion,
either ascending or descending. In the absence of a positive paw withdrawal response to
the initially presented filament a stronger stimulus was presented; in the event of a
positive paw withdrawal response, the next weaker stimulus was chosen (40). Stimuli
were presented at intervals of several seconds, allowing for apparent resolution of any
behavioural responses to previous stimuli. The threshold at which there was a 50%
probability of paw withdrawal, was then calculated as previously described (40).

5.4.4. Micro-computed tomography analysis
At the completion of the study on day 11, transcardial perfusions were performed while
mice were under general anaesthetic (175 mg/kg Sodium Pentobarbital). Mice were
perfused with 4% paraformaldehyde prior to the collection of brain and spinal cord tissue,
for assessment in ongoing studies. Paw tissues were then collected and underwent postfixation in 4% paraformaldehyde for 24 hours.
Bone changes and paw swelling of the front and hind paws were assessed using a microCT scanner (SkyScan model 1076, Bruker, Kontich, Belgium). Following tissue fixation,
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paws were scanned at a source voltage of 55 kV, current 180 µA, isotropic pixel size 8.5
µm with a 0.5 mm thick aluminium filter, rotation step of 0.6, frame averaging of 1 and
a total scan time of approximately 35 minutes. The cross-section images were then
reconstructed using a filtered back projection algorithm (N-Recon software, Bruker
micro-CT, Kontich, Belgium) and saved as 8-bit grey level files (bitmap format). The
stack of reconstructed cross-section images of the front and hind paws were realigned in
3D with the long axis of the paw aligned along the inferior-superior direction of the
images (Dataviewer software, Bruker), as done previously (34, 39).

Selection of volume of interest (VOI) for analysis:
For each front paw, 280 contiguous cross-sections (corresponding to a VOI length of 2.4
mm), starting from 200 cross-sections (1.7 mm) distally to the epiphyseal growth plate of
the radiocarpal joint and extending through the joint up to 80 cross-sections (0.68 mm)
proximally, were used for analysis of both the bone and surrounding soft tissue. A
cylindrical volume of interest (4.5 mm diameter, 2.4 mm in length) was used and
positioned according to the location of each individual paw in the image (34).
In the hind paws, for the bone volume analysis, 600 cross-sections (corresponding to a
VOI length of 5.1 mm), extending from the posterior surface of the calcaneus through the
proximal tarsal and metatarsal bones were used. A polygonal region of interest was used
to trace around the calcaneus, metatarsal and tarsal bones, excluding the tibia and fibula
(Figure 5.2). Whereas for the soft tissue analysis, 200 cross-sections were used
(corresponding to a VOI length of 1.7 mm), extending from the most posterior aspect of
the metatarsal bones, excluding the calcaneus and including the cuboid (Figure 5.2). A
standardised cylindrical volume of interest (5.5 mm diameter, 1.7 mm in length) was
selected for quantification.
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Figure 5.2. 3D micro-CT images of the left hind paw (top view), including calcaneus,
tarsal and metatarsal bones for quantitative analysis; bone represented in white
colour and soft tissue in red colour. A. The lengths of the volumes of interest (VOIs)
used for micro-CT analysis are indicated by the yellow arrows for bone analysis (VOI
length of 600 cross sections, corresponding to 5.1 mm) and red arrows for soft tissue
analysis (VOI length 200 cross sections, corresponding to 1.7 mm). The 3D rendering of
the VOI used for soft tissue analysis is presented in B (bone visible in transparency) and
C.

Image thresholding and calculation of bone volume and paw volume:
On the VOIs specified above, the bone volume (BV, in mm3) and the paw volume (PV,
in mm3, which includes the soft tissue surrounding the radiocarpal joint in the front paws
and tarsal and metatarsal bones in the hind paws), were quantified in 3D using uniform
thresholding (CT Analyser software, Bruker). In the grey-level histogram of the
reconstructed cross-section images (bitmap format, 256 grey levels, ranging from 0 to
255), the grey level values in the lower range (from 0 to 11) corresponded to air or
background, followed in increasing order by values of the soft tissue (ranging from 12 to
134) and bone (from 135 to 255) (39). Two fixed minimum threshold values were applied
to the specimens for segmentation. One minimum threshold level was used for
segmenting the bone pixels only (from minimum threshold level 135 to maximum 255),
leaving air and surrounding soft tissue as background (39, 41, 42). The second minimum
threshold level was for segmenting the paw, soft tissue and bone together, (minimum
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threshold level 12 to maximum level 255) and leaving air as the background (39, 41, 42).
By applying the corresponding threshold values to each specimen, automated calculations
were performed of BV and PV (CT Analyser software, Bruker). The BV was calculated
as the volume occupied by the voxels segmented as bone and the PV was calculated as
the volume occupied by the voxels segmented as paw, which included both bone and soft
tissue. After segmentation, for PV measurements, loose speckles in the segmented images
which originated from noise pixels, having their grey values close to those of soft tissue,
were removed. This was completed using a cycle of the software function ‘sweep’ (CT
Analyser software, Bruker) which automatically removes all but the largest object in
three-dimensional volume, maintaining the paw as the largest object. BV and PV were
then quantified using the marching cubes method (CT Analyser software, Bruker) (4346).

5.4.5. Histological analysis of the radiocarpal joint
Following micro-CT scanning, decalcification of the front paws was carried out for
approximately 12 weeks using 10% Ethylene diaminetetraacetic acid (EDTA) solution.
The paws were processed for paraffin embedding and serial sagittal sections of the
radiocarpal joint were cut (5 µm) for histological analysis. Routine haematoxylin and
eosin (H&E) staining was conducted on the front paws and sections were imaged using
the Nanozoomer Digital Pathology System (NDP Hamamatsu, Hamamatsu City, Japan)
at 40x magnification. Semi-quantitative analysis was carried out by two blinded observers
using a previously described scoring method (47). Scoring was based on the number of
inflammatory cells within the radiocarpal joint; normal tissue (< 5% inflammatory cells)
was scored as 0, mild inflammation (6-20% inflammatory cells) was scored as 1,
moderate inflammation (21-50% inflammatory cells) was scored as 2 and severe
inflammation (> 51% inflammatory cells) was scored as 3. Bone and cartilage destruction
were assessed on a 4-point scale (0, normal; 1, mild cartilage destruction; 2, evidence of
both cartilage and bone destruction; 3, severe cartilage and bone destruction). Pannus
formation was scored as either 0, no pannus or 1, pannus formation (47).
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Tartrate-resistant acid phosphatase (TRAP) staining of the radiocarpal joint was also
conducted to detect osteoclasts on the bone surface and pre-osteoclasts in surrounding
soft tissue. Slides were stained with TRAP as previously described and left to incubate
(37 ℃) for 45 minutes then counterstained with haematoxylin (34, 48, 49). The number
of TRAP positive cells with 3 or more nuclei were counted by two blinded observers
using 40x magnified images on the Nanozoomer Digital Pathology System (NDP
Hamamatsu, Hamamatsu City, Japan). Multinucleated TRAP positive cells were counted
in a consistent region of interest (2.16 mm2), which included cells found on the bone
surface and within the surrounding soft tissue of the radiocarpal joint (34).

5.4.6. Statistical Analysis
Statistical analysis performed in this study utilised GraphPad Prism® software (V 7.03;
GraphPad Software, La Jolla, CA, USA). Differences among all groups were first
analysed using the non-parametric Kruskal-Wallis test and if significant, differences
between two groups were each analysed using the Mann-Whitney U test.
For von Frey data analysis, SPSS Statistics software (V 25; IBM SPSS Software, NSW,
Australia) was used to perform a linear mixed-effects model, controlling for clustering on
mouse and for repeated measurement over time using a Variance Components covariance
structure. Assumptions of a linear model were found to be upheld by inspection of
histograms and scatter plots of residuals and predicted values. An interaction of Group (1
= Control, 2 = Mild CAIA and 3 = Moderate CAIA) and Day (day of test) was included
with adjustment for paw side (left and right paws).
All values shown are mean ± standard error of the mean (SEM), with a p-value less than
0.05 considered statistically significant.

5.5. Results
5.5.1. Assessment of paw inflammation and mechanical allodynia
Induction of CAIA in both disease groups resulted in significant redness, tenderness and
inflammation in the front and hind paws of mice following LPS administration on day 3
through to day 10 compared to control mice (Figure 5.3; p < 0.0001). Moderate CAIA
mice had significantly greater paw scores compared to mild CAIA mice on days 4 and 6
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(p = 0.018 and p = 0.041, respectively; Figure 5.3B). These paw scores remained higher
from day 7 to day 10 compared to the mild CAIA mice, however they were not
significantly different.
There was no statistically significant interaction between Group and Day of Test for
tactile paw withdrawal threshold (g) when controlling for Paw side (interaction p value =
0.70). There was also no statistically significant association between paw withdrawal
threshold and Paw side, when controlling for the Group*Day of Test interaction (p =
0.10). However, post-hoc comparisons showed that on day 8, mild CAIA mice had a paw
withdrawal threshold greater than control mice (1.99 ± 0.10 g and 1.65 ± 0.10 g,
respectively; p = 0.03; Table 5.1). Unexpectedly, moderate CAIA mice also had a
significantly greater paw withdrawal threshold (1.94 ± 0.12 g) compared to control mice
on day 10 (1.51 ± 0.15 g; p = 0.032; Table 5.1). There was no statistically significant
difference in paw withdrawal threshold between the mild and moderate CAIA groups.
Although not significant, the mean paw withdrawal threshold observed in control mice
decreased from day 2 (1.83 ± 0.98 g) to day 10 (1.51 ± 0.15 g; Figure 5.3C). A decrease
in mean paw withdrawal threshold was also observed in mild CAIA mice from day 2
(2.02 ± 0.98 g) to day 6 (1.7 ± 0.13 g), however, this was not significant and interestingly,
increased again at day 8 (1.99 ± 0.11 g; Figure 5.3C) following the peak stage of disease.
There was also no statistically significant change in paw withdrawal threshold in
moderate CAIA mice throughout the model (Figure 5.3C).
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Figure 5.3. Clinical evaluation of local inflammation in all paws and paw withdrawal
threshold in the hind paws. A. Representative macroscopic appearance of the front paws
at day 7 post-arthritis induction. B. Daily average clinical paw scores of each group
throughout the 10-day model. C. Average tactile paw withdrawal threshold of the hind
paws on alternate days throughout the 10-day model. Error bars represent SEM (n = 5
mice per control and mild CAIA groups, n = 8 mice per moderate CAIA group, * p < 0.01
mild CAIA vs moderate CAIA).
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Table 5.1. Linear mixed-effects model of paw withdrawal threshold: mean differences
Day of Test

2

4

6

8

10

Group Comparison

Difference in paw withdrawal

Comparison

threshold (95% CI)

P value

1 vs 2

-0.19 (-0.47, 0.09)

0.178

1 vs 3

-0.09 (-0.34, 0.17)

0.494

2 vs 3

0.10 (-0.15, 0.36)

0.409

1 vs 2

-0.21 (-0.52, 0.09)

0.174

1 vs 3

-0.18 (-0.46, 0.09)

0.190

2 vs 3

0.03 (-0.25, 0.31)

0.840

1 vs 2

0.06 (-0.32, -0.45)

0.740

1 vs 3

-0.11 (-0.45, 0.24)

0.537

2 vs 3

-0.17 (-0.52, 0.18)

0.327

1 vs 2

-0.34 (-0.64, -0.03)

0.030

1 vs 3

-0.24 (-0.52, 0.03)

0.081

2 vs 3

0.09 (-0.18, 0.37)

0.482

1 vs 2

-0.29 (-0.71, 0.14)

0.184

1 vs 3

-0.43 (-0.81, -0.04)

0.032

2 vs 3

-0.14 (-0.53, 0.25)

0.465

Groups: 1 = Control, 2 = Mild CAIA and 3 = Moderate CAIA
P values less than 0.05 were considered to be statistically significant.
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5.5.2. Micro-CT analysis of bone volume and paw volume
Front paws:
Representative reconstructed 3D images of the radiocarpal joint, including bone and soft
tissue are shown in Figure 5.3A. Moderate CAIA mice showed a reduced BV in the
radiocarpal joint compared to healthy control mice (0.92 ± 0.03 mm3 and 1.052 ± 0.03
mm3, respectively; p = 0.0116; Figure 5.4B), whereas they showed no significant
difference compared to the mild CAIA group. Moderate CAIA mice also had a
significantly greater PV (33.31 ± 1.99 mm3) in the radiocarpal joint compared to both the
control (21.7 ± 1.12 mm3; p = 0.0003) and mild CAIA mice (26.86 ± 2.26 mm3; p = 0.041;
Figure 5.4C).
Hind paws:
In the hind paw, both the mild and moderate CAIA mice exhibited reduced BV compared
to control mice (3.07 ± 0.13 mm3; p = 0.027 and 3.05 ± 0.08 mm3, respectively; p = 0.003;
Figure 5.4D), whereas, there was no significant difference in BV between mild and
moderate CAIA groups. Similar to the radiocarpal joint, moderate CAIA mice exhibited
a significantly greater PV in the hind paw (23.95 ± 1.29 mm3) compared to both the
control (13.08 ± 0.27 mm3, p < 0.0001) and mild CAIA mice (18.82 ± 1.74 mm3, p =
0.014; Figure 5.4E).
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Figure 5.4. Bone volume (BV) and soft tissue swelling (paw volume, PV) of the
radiocarpal joint and hind paws of Balb/c mice assessed by high resolution microCT at day 11. A. Representative three-dimensional micro-CT models of the radiocarpal
joint (in white colour) and surrounding soft tissue (indicated in red) in the right paw. The
arrows represent the width of the soft tissue, white arrows for control mice, compared to
the yellow arrows for each disease group, highlighting the increase in soft tissue width
(and hence paw volume) observed from control to mild and moderate CAIA. Mean BV
and PV in the radiocarpal joint (B and C, respectively) and mean BV and PV in the hind
paw (D and E, respectively) expressed in mm3, as assessed by micro-CT analysis at day
11. Error bars represent SEM (n = 10 paws (left and right paws taken together) per control
and mild CAIA groups, n = 16 paws (left and right paws taken together) per moderate
CAIA group, 1 front paw was removed from the control group for front radiocarpal joint
BV analysis due to movement artefacts) * p < 0.01, ** p < 0.003, *** p < 0.0003 and
**** p < 0.0001 vs control, # p < 0.01 vs mild CAIA).
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Despite the difference in BV in the hind paws, between mild and moderate CAIA groups,
not being statistically significant, bone resorption pits were clearly visible on the surface
of the navicular and cuboid bones in both the mild and moderate CAIA groups, as shown
by micro-CT 3D images (Figure 5.5). Conversely, control mice exhibited no visible bone
resorption pits as of visual examination of micro-CT images on both these bones. In
comparison, the number and size of bone resorption pits increased with disease severity.
In moderate CAIA mice the cuboid was also observed to have a greater number of pits
when compared to the navicular of the same mouse. In comparison to control and mild
CAIA mice, bone resorption pits were also observed on other bones within the hind paws
of moderate CAIA mice, including the talus and calcaneus (Figure 5.5A and 5.5C).
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Figure 5.5. Representative three-dimensional models of the right hind paw showing bone resorption pits in the navicular and cuboid. A.
Superior view of right hind paw from control, mild CAIA and moderate CAIA mice. Orange boxes identify the navicular which is presented at
greater magnification (B) to highlight the pitting present in this bone. C. Lateral view of the right hind paw from control, mild CAIA and moderate
CAIA mice. Orange boxes identify the cuboid which is presented at greater magnification (D) to show the pitting present in this bone. Red arrows
represent bone resorption pits observed in the talus (A) and calcaneus (C).
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5.5.3. Histological analysis of the radiocarpal joint
Representative images of H&E and TRAP staining in the radiocarpal joint are presented
in Figure 5.6. Histological evaluation of sagittal sections of the radiocarpal joint showed
that moderate CAIA mice had significantly greater scores for cellular infiltration,
cartilage and bone degradation and pannus formation compared to control mice (p <
0.001; Figure 5.7A). Moderate CAIA mice also had a greater score for cellular infiltration
and pannus formation compared to mild CAIA mice (p = 0.02; Figure 5.7A). Cartilage
and bone destruction were also scored greater in moderate CAIA mice compared to mild
CAIA mice, however this was not statistically significant.
Both mild and moderate CAIA groups had a significantly greater number of TRAP
positive multinucleated cells on the bone surface of the radiocarpal joint (8.4 ± 2.42 cells
and 15 ± 3.41 cells, respectively) compared to control mice (0.4 ± 0.267 cells; p = 0.0001
and p = 0.001, respectively; Figure 5.7B).

A greater number of TRAP positive

multinucleated cells were also identified in the surrounding soft tissue of the radiocarpal
joint in moderate CAIA mice (44.36 ± 10.3 cells) and mild CAIA mice (32.3 ± 15.91
cells) compared to control mice (0.2 ± 0.2 cells, p = 0.0006 and p = 0.033, respectively;
Figure 5.7C). Although moderate CAIA mice appeared to have increased TRAP positive
multinucleated cells on both the bone surface and within the surrounding soft tissue
compared to mild CAIA mice, there was no significant difference between the two
diseased groups.
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Figure 5.6. Representative immunohistochemical images of bone and inflammatory tissue from mice radiocarpal joints from the Control (left
column), mild CAIA (middle column) and moderate CAIA groups (right column); Top row (Haematoxylin and eosin; H&E, 20x magnification);
Middle Row (Tartrate Resistant Acid Phosphatase; TRAP, 20x magnification); Bottom Row (TRAP; 40x magnification) Scale bar represents 100
µm for 20x magnification and 50 µm for 40x magnification.
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Figure 5.7. Histological assessment of inflammation, cartilage and bone destruction
and osteoclast number in the radiocarpal joint. A. Histological scores of H&E stained
sagittal sections of the radiocarpal joint. B. Average values of TRAP positive
multinucleated cells on the bone surface. C. Average values of TRAP positive
multinucleated cells within the surrounding soft tissue of the radiocarpal joint. Error bars
represent SEM (n = 10 paws (left and right together) per control and mild CAIA groups
and n = 15 paws (left and right together) per moderate CAIA group for histological
analysis; n = 10 paws (left and right together) per control and mild CAIA groups and n =
14 (left and right together) paws per moderate CAIA group for TRAP analysis). **** p
< 0.0001 vs control, # p = 0.02 vs mild CAIA; * p = 0.03 and *** p < 0.0001 vs control).
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5.6. Discussion
There are many benefits to using the CAIA murine model in understanding RA disease
progression and identifying novel targets for the development of therapeutics. However,
there is currently no consistent dose of monoclonal antibodies or LPS used for the
induction of disease in the CAIA model. As a result, there is large variability across
previous studies in the severity of pathogenic features observed in mice (9, 33, 34, 38,
50). Thus, this study aimed to identify whether a higher dose (3 mg/mouse) of monoclonal
antibodies in combination with a low dose (10 µg) of LPS would produce a more
moderate model of inflammatory arthritis in comparison to the mild model (1.5 mg/mouse
of monoclonal antibodies with 10 µg of LPS), previously used (33, 34, 38).

The results of this study suggest that inducing CAIA with a higher dose of monoclonal
antibodies and a reduced dose of LPS induces a moderate inflammatory response within
all paws of Balb/c mice. This is evident as moderate CAIA mice were observed to have
significantly greater scores for paw inflammation on day 4, when clinical signs of disease
are first evident and on day 6 when disease reaches its peak, compared to the paw scores
of mild CAIA mice. Although not significant, these paw scores remained elevated
compared to mild CAIA mice through to day 10. Despite the onset of joint inflammation
in the mild and moderate CAIA mice, these mice did not display robust mechanical
allodynia as evidenced by variable and high paw withdrawal thresholds observed
throughout the model. This is unexpected, as previous studies in which mice or rats are
immunised to produce antibodies against type-II collagen in CIA models or bovine serum
albumin in AIA models (11, 51, 52), generate long lasting mechanical allodynia. Within
these models the inflammatory process is chronic and thus it is expected that paw
withdrawal thresholds will remain low which is consistent to the clinical characteristics
in RA patients where pain-like behaviour persists despite remission (51). In contrast, the
current CAIA model is based on the systemic injection of a cocktail of monoclonal
antibodies and as a result a subacute model is induced and the inflammation resolves
within 8-14 days (10, 53, 54). This is evident in our model as paw scores begin to reduce
consistently from day 8 until the conclusion of the model at day 10. However, due to the
short timeline in the current study, a continued reduction in paw withdrawal threshold is
not observed despite resolution of inflammation and thus does not reflect the persistent
pain-like behaviour observed in the clinic.
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Pain-like behaviour in the CAIA model has previously been confirmed as mice display
mechanical allodynia concomitant with the onset of joint inflammation (9). The reduction
in paw withdrawal threshold also remains low and does not return to baseline two to four
weeks after visible and histologic signs of arthritis have disappeared (9). This was not
reflected in the current study and the differences could be attributed to methodology of
CAIA induction. Bas et al. 2012, induced CAIA with 1.5 mg of a cocktail of monoclonal
antibodies followed by a higher dose (25 µg) of LPS on day 5 (9). The model also
continued for 45 days post arthritis induction allowing for inflammation to resolve
completely and continued pain-like behaviour to be assessed, confirming that pain
signalling in RA can be driven by many mechanisms.

Previous studies have shown that systemic and intrathecal injection of LPS alone induces
pain-like behaviour (53, 55, 56). In the CAIA model, LPS is injected intraperitoneally
three to five days following the injection of monoclonal antibodies, as LPS synchronises
the onset of disease and increases the incidence and severity of CAIA (21). The low dose
(10 µg) of LPS used in the current study, may therefore not be enough to increase the
incidence and severity of inflammation to a level where pain-like behaviour can be
assessed in CAIA mice. Previously, Bas et al. 2012 assessed LPS alone concurrently with
their CAIA model and found 25 µg of LPS alone was not sufficient to alter nociceptive
thresholds, however resulted in increased inflammation and mechanical allodynia when
in combination with the cocktail of monoclonal antibodies (9). Thus, future studies are
needed to identify if 10 µg of LPS alone and in combination with low or high doses of
monoclonal antibodies is sufficient to induce both inflammation and pain-like behaviour
in the CAIA model.

Assessment of paw inflammation in the CAIA model has previously been based on noninvasive visual assessment methods, including calliper measurements and clinical paw
scoring (33, 57, 58). In the current study, the increased paw scores observed at day 10 in
moderate CAIA mice were confirmed through increased paw volumes (PV) as assessed
using high resolution micro-CT. The moderate CAIA mice had a significantly greater PV
in both the radiocarpal joint and hind paw compared to control and mild CAIA mice. This
confirms that inflammation of mouse paws in the CAIA model can be enhanced when
using a high dose (3 mg/mouse) of monoclonal antibodies in combination with low dose
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(10 µg) LPS. This also highlights the relevance of the quantification of soft tissue swelling
by high resolution micro-CT as an indicator of disease severity in the CAIA model.

Inflammation in the front paws of moderate CAIA mice is further supported by
microscopic histological analysis of the radiocarpal joint. From this analysis it was found
that moderate CAIA mice had greater scores for inflammatory cell infiltration and pannus
formation compared to control and mild CAIA mice. Though mild CAIA mice were
found to have significantly greater paw scores compared to control mice throughout the
model, significantly greater histological scores for inflammatory cell infiltration and
pannus formation were not observed at end point in mild CAIA mice. This was not
expected as we have previously reported significantly greater histological scores in mild
CAIA models when compared to control mice (33, 38). The conflicting findings when
compared to past studies may be a result of discrepancies in the pathogenesis of CAIA or
uptake of the mild form of disease in Balb/c mice as joints are randomly affected due to
the systemic administration of the model (20, 21). Thus, it is evident that the higher dose
(3 mg/mouse) of monoclonal antibodies achieves a more effective result in producing the
desired pathogenic features of RA joint destruction in all paws of Balb/c mice.

The current study used high resolution micro-CT analysis to identify that the moderate
CAIA mice showed significantly reduced BV in the radiocarpal joint compared to control
mice. However, similar to the histological analysis of inflammation, there was no
observable change in BV in the radiocarpal joints of mild CAIA mice when compared to
control mice. This limited change in BV is also inconsistent to the significantly greater
number of TRAP positive multinucleated cells found on the bone surface and within the
surrounding soft tissue of radiocarpal joints in mild CAIA mice compared to control mice.
Whereas previously we have reported a significant reduction in BV in the CAIA model
when inducing a mild form of the disease (33, 38) (micro-CT analysis conducted at 18
µm/pixel), recently, we were unable to identify changes in BV assessed by micro-CT in
mild CAIA (9 µm/pixel micro-CT scans, similar to the present study) (34). This finding
is consistent with the current study and could be attributed to the arthritic response being
too mild to detect changes in BV at the macroscopic level, despite using high resolution
micro-CT analysis. This further corroborates the use of a higher dose of monoclonal
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antibodies to induce greater bone erosion in mouse paws that is detected through both
micro-CT analysis and histological assessment of osteoclasts.

Micro-CT has proven to be a powerful technique to analyse the detailed 3D microarchitecture of bone in different animal models (50, 59-62). However, there are limited
studies which have used high resolution (8.5 µm/pixel) micro-CT to quantitate the change
in overall BV in both the radiocarpal joints and hind paws of CAIA mice. Similar to the
radiocarpal joint, in this study a significant reduction in BV was observed in the hind
paws of moderate CAIA mice compared to control mice. Mild CAIA mice also exhibited
significantly reduced BV in the hind paws, however, there was no difference in BV
between the two diseased groups. Various studies have used micro-CT to assess BV,
BV/tissue volume ratio (BV/TV) and bone structure and density in various bones in rat
and mouse models of inflammatory arthritis (50, 63). However, previous studies using
the AIA rat model were unable to determine a BV/TV ratio during micro-CT analysis due
to severe bone destruction in the talus of vehicle-treated AIA rats (63). This further
confirms that inducing a severe arthritic response in animal models causes severe
destruction of the joint architecture which is difficult to accurately assess. The current
study suggests that inducing moderate pathogenic features of RA in mice allows for a
more effective assessment of the hallmark bone changes and offers a potential
modification to the CAIA model which could be implemented for the accurate assessment
of new therapeutics.

Previous studies have used qualitative methods to identify substantial bone destruction in
the tarsal joints of mice induced with CAIA at different severities (50). Although different
severities of CAIA were induced in that study, the bone destruction was not compared
between these models and there was no quantification of BV (50). Thus, it was so far
unclear if inducing a more severe form of the disease also resulted in greater bone
destruction and loss of BV. The micro-CT analysis in the current study also extended to
qualitative observations of three-dimensional bone models of the hind paws, to
investigate the presence of bone resorption pits on the bone surface. An increased number
of bone resorption pits was observed on the navicular and cuboid of the hind paw of
moderate CAIA mice compared to control and mild CAIA mice. Although not
numerically quantified, these resorption pits appeared to be larger in size when compared
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to the resorption pits observed on the navicular and cuboid of mild CAIA mice. Although
these pits were clearly visible in the 3D micro-CT images on the bone surface when
comparing mild to moderate CAIA, these pits were not sufficient to generate detectable
BV differences between these two disease groups; this might also be due to the small
number of animals per group. As histological analysis of the presence of osteoclasts in
the hind paws was not conducted, it cannot be concluded if there is an increase in
osteoclast number in the hind paws of moderate CAIA mice compared to mild CAIA.
Future studies would benefit from including microscopic analysis of osteoclasts as it
would confirm the presence and extent of bone destruction occurring in the hind paws of
moderate CAIA mice in comparison to more mild models of CAIA.

5.7. Conclusion
In conclusion, our findings indicate that a higher dose (3 mg/mouse) of the cocktail of
monoclonal antibodies in combination with a low dose (10 µg) of LPS in the CAIA
murine model produces more desirable and consistent pathogenic features of RA,
including greater joint inflammation and bone loss, compared to the mild (1.5 mg/mouse
monoclonal antibodies in combination with 10 µg LPS) CAIA murine model. The
severity of disease induced in this model had little effect on the development of
mechanical allodynia in the hind paws. However, it highlights the complex mechanisms
associated with the development of joint destruction and pain-like behaviour in vivo in
inflammatory arthritis models. Further investigations involving new strategies are
required to investigate pain-like behaviour prior to the onset of arthritic symptoms and
following the resolution of inflammation in the acute CAIA murine model.
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CHAPTER 6: THESIS GENERAL DISCUSSION AND FUTURE
CONSIDERATIONS

6.1. Introduction
Bone destruction in the synovial joints and the resulting pain continues to be a major
problem for rheumatoid arthritis (RA) disease management, due to the vast array of
contributing factors that influence bone remodelling processes in inflammatory
conditions. In healthy individuals, bone is continually remodelled by bone forming
osteoblasts and bone resorbing osteoclasts and is strictly controlled so that no net change
in bone volume (BV) can occur (1). However, in pathological bone loss conditions,
including RA, an imbalance between osteoblasts and osteoclasts exists, resulting in
extensive bone loss (2). In RA, osteoclasts are stimulated by the chronic activation of the
immune system (3). As such there is a clear link between inflammation and bone loss (47). Central to this is the elevated expression of receptor activator of nuclear factor kappa
B ligand (RANKL), by activated inflammatory cells, specifically fibroblast-like
synoviocytes (FLS) and T cells (8-10), as well as the continuous release of proinflammatory cytokines (11-16). This in turn promotes the upregulation of osteoclast
number, activity and survival rate at the site of local joint inflammation, leading to severe
bone erosion (14-16).

RA associated pain is also suggested to be a major consequence of inflammation and bone
destruction in the synovial joints (17, 18). However, recent studies have identified that
pain can arise prior to disease manifestations and does not necessarily correlate with the
degree of inflammation or pharmacological management (19-22). Despite this, many
current treatments, including non-steroidal anti-inflammatory drugs (NSAIDs) and
disease modifying anti-rheumatic drugs (DMARDs), used to suppress inflammation, have
varied effects on bone and RA associated pain (22-25), suggesting the link to
inflammation may not be so clear. It is thus imperative to understand the development of
RA disease progression in the synovial joints and the specific mechanisms associated
with inflammatory induced bone loss using cell culture and in vivo models.
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Disease progression in RA is complex, and multiple signalling pathways, including the
key intracellular inflammatory molecule, nuclear factor-kappa B (NF-B), has previously
been identified as crucial to T-cell mediated inflammation (26, 27) and increased
osteoclast production during RA (28). However, despite this knowledge, pharmacological
control of bone destruction in RA is still challenging and management of joint pain is
often poor despite optimal control of inflammation (19-22, 25). Direct cell to cell
interactions are essential for the regulation of cell proliferation and survival in both
physiological and pathological conditions and are mediated in part by cell adhesion
molecules (29). Recent advances in the understanding of RA disease progression have
therefore identified cell adhesion molecules, including N-cadherin, and anti-apoptotic
proteins as key regulators of osteoclast formation and migration (30-32). Current research
now recognises the immense therapeutic potential of modulating cell proliferation or
death, particularly apoptosis, in the synovial joints of RA patients (33-36). However,
further in vitro and in vivo pre-clinical studies are needed to elucidate these intracellular
pathways and molecules as potential targets for the development of novel therapeutics to
improve disease outcomes in RA.

The overall focus of this thesis involved investigating the therapeutic potential of novel
compounds for targeting inflammation, bone resorption and RA specific pain. The overall
body of this work was guided by three hypotheses. First, that targeting autophagy and
apoptotic pathways individually and simultaneously through pharmacological
modulation will reduce osteoclast activity in vitro and suppress bone resorption in
inflammatory arthritis in vivo. Second, that topical antagonists targeting N-cadherin will
reduce local inflammation and bone erosion in inflammatory arthritis and finally, that
inhibition of NF-B will reduce local inflammation and bone erosion in inflammatory
arthritis. Studies were carried out with osteoclasts derived from human peripheral blood
mononuclear cells (PBMCs) in vitro and in vivo using a subacute mild version of the
collagen antibody-induced arthritis (CAIA) murine model. For in vitro investigations, the
addition of the inflammatory cytokine tumour necrosis factor alpha (TNF-a) was used to
mimic the inflammatory conditions present in RA.
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6.2. Discussion and Future Considerations
6.2.1. An inflammatory arthritis murine model for evaluation of novel compounds in
rheumatoid arthritis
The CAIA murine model was used extensively throughout this study (Chapter 2-5), as it
is a subacute, simple and versatile murine model of the effector phase of RA. As discussed
throughout these studies, pathogenic features of RA are induced in the CAIA model with
a combination of monoclonal antibodies targeting type II collagen in combination with
E.coli lipopolysaccharide (LPS). Previously, studies have modified the dose of
autoantibodies and LPS to induce the desired pathogenic features and severity in their
research (20, 33, 37, 38). Thus, there is currently large variability in disease onset and the
severity of pathogenic features observed in the CAIA model throughout different studies
(20, 33, 37, 39, 40). Previously our laboratory has used a mild form of CAIA (1.5 mg
monoclonal antibodies in combination with 10 µg LPS) (33, 37, 39). In the current studies
(Chapter 2-5) using the same mild model of CAIA, we have identified discrepancies in
the uptake of mild disease and the development of arthritic symptoms in the synovial
joints of Balb/c mice. This difference in disease uptake was evident across these studies,
as although paw inflammation and bone destruction developed in Balb/c mice induced
with mild CAIA, there was variability in the severity of inflammation and presence of
bone destruction observed within each of the CAIA groups. Changes in BV between
healthy control mice and treated or non-treated mild CAIA mice were also unable to be
detected in some instances (Chapter 2-4). Given that our findings in these models
(Chapter 2-4) were mixed, Chapter 5 further characterised the CAIA model to establish a
more moderate disease that is reflective of the clinical setting.

The results of this study (Chapter 5) ascertain that inducing CAIA in mice with a moderate
dose of monoclonal antibodies (3 mg/mouse) in combination with low dose LPS (10
µg/mouse) induces greater inflammation and oedema in the front and hind paws of Balb/c
mice, compared to the mild (1.5 mg monoclonal antibodies with 10µg LPS) CAIA model.
Despite the increased disease severity in the moderate CAIA model, local paw
inflammation followed the same pattern of disease development in the mild CAIA model
used in this thesis (Chapter 2-4) and in previous studies (37, 38), with peak inflammation
observed on day 6 to 8 before reducing through days 8 to 10. Through end point analyses
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it was also evident that pathogenic features, including inflammatory cell infiltration and
pannus formation were present and significantly greater in the moderate CAIA model in
comparison to the mild model. Interestingly, although mild CAIA mice were found to
have significantly greater paw scores compared to healthy control mice throughout this
study (Chapter 5), greater inflammatory cell infiltration and pannus formation was not
observed at end point (day 11), which is consistent with previous findings (Chapter 2-4).
This further confirms that the mild CAIA model used in our previous studies is no longer
sufficient in inducing significant and consistent enough pathogenic features of RA in
Balb/c mice to investigate pathophysiology or treatment effects. As such a more moderate
CAIA model may now be a favourable subacute model of the effector phase of RA.

The studies presented in this thesis used high resolution (8.5 µm) micro-computed
tomography (micro-CT) to calculate volumetric changes in bone and soft tissue swelling,
not only to assess the front paws as is common in other studies (33, 37, 41). In this thesis,
micro-CT was further optimised to enable application of this imaging modality to the
analysis of hind paws in the CAIA murine model. Although moderate CAIA disease
induction resulted in greater inflammation as evidenced by end point micro-CT analysis
of soft tissue swelling (Chapter 5), there was little effect on the overall BV detected in
the front and hind paws. Unexpectedly, BV analysis in the front and hind paws of
moderate CAIA mice were similar to the BV observed in the mild CAIA group. The
analysis of the mild CAIA model is consistent with previous CAIA models conducted in
this thesis (Chapter 2-4), where the presence of inflammation did not lead to BV changes
as detected through micro-CT analysis. This may also be the case with the moderate
CAIA model, perhaps suggesting a more chronic disease duration may be required to see
volumetric bone changes, and/or a different mode of analysis may also better reflect
changes in the bone itself.

Future Directions:
When considering the change in bone throughout the progression of inflammatory
arthritis, most studies, including this thesis in the CAIA model, have shown volumetric
assessment on bone (33, 37, 39, 41). To our knowledge there is no report of assessing
actual surface changes as indicated by bone resorption pits on the surface of individual
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bones in the front and hind paws through either quantitative or qualitative assessment. In
our studies (Chapter 4 and 5) we used a combination of quantitative BV and qualitative
observations of surface bone resorption pits in the hind paws. Previous studies within our
laboratory have conducted quantitative analysis of calvarial surface bone resorption using
micro-CT derived images (42). We contend that the resorption pits observed in the hind
paws (Chapter 4 and 5) are highly important as these better reflect the presence or absence
of active osteoclasts. This would also verify the assessment of differentiated and activated
osteoclasts currently assessed through histological TRAP analysis (Chapter 2-5). In
Chapter 4 and 5, we present qualitative observations of surface bone resorption on the
navicular and cuboid, however, these were not measured, nor were bone resorption pits
assessed in the front paws. Future studies would benefit by extending the method where
by our group quantified bone resorption pits on calvarial surfaces (42) to application in
micro-CT derived images of the front and hind paws of CAIA mice to more accurately
assess the changes in bone resorption in the CAIA model following disease induction.
This may also enable significant changes in bone to be detected in the mild CAIA model
following the administration of treatment.

High resolution micro-CT analysis is an important tool to assess volumetric effects of
CAIA on bone, however BV calculations and observations of bone resorption pits were
only conducted at end point (day 11) and thus comparisons were only made between
healthy control and diseased groups throughout all studies (Chapter 2-5). Multiple
endpoints could be assessed ex vivo, and a prolonged CAIA model may produce
detectable changes in BV, however this requires increased animal numbers and further
investigation. Previous studies in our laboratory have used high resolution micro-CT to
calculate volumetric changes in bone overtime (37, 39) and found on average a 14%
reduction in BV 10 days following CAIA induction (39). Future studies could implement
a longitudinal study design to assess bone changes in 3D over the course of the CAIA
model, using high resolution in vivo micro-CT. This study approach would reduce the
animal number required to detect RA related changes in bone, as well as strengthen the
statistical power as each animal would serve as its own control. Different micro
architectural changes in 3D, such as bone density and trabecular or cortical parameters,
could also be assessed as few studies have looked at micro architectural changes in in
vivo preclinical models of RA. Changes in these properties may be better detected in the
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CAIA model and more representative of the histological analysis conducted and therefore
provide a more accurate reflection of the pathogenic features observed at the joint in this
model.

6.2.2. Pain assessment in in vivo models of rheumatoid arthritis
Pain is an active indicator of inflammation and disease progression in RA and is reported
as one of the most debilitating symptoms (19, 43). Pain in RA has only recently been
investigated in rodent models of chronic immune mediated articular inflammation (20,
44, 45) and is measured through the reduction in intensity of responses to noxious stimuli,
as rodents are unable to report pain sensation. Mechanical sensitivity or the response to
pressure is therefore often measured in rodents using the von Frey paw withdrawal test
(46) or through catwalk gait analysis (47, 48). The most common animal models used for
the assessment of RA disease progression, including the CAIA model, are however
currently not adapted for studies of RA associated pain. Thus, recent studies utilising the
CAIA model (20), including ours (Chapter 4 and 5), have incorporated the von Frey paw
withdrawal test in an attempt to assess pain-like behaviour in this model.

A recent study analysing pain-like behaviour in a CAIA model of moderate arthritis (1.5
mg monoclonal antibody in combination with 25 µg LPS) found that mice displayed
mechanical allodynia concomitant with the onset of joint inflammation (20). Mechanical
allodynia did not subside for two to four weeks after visible and histologic signs of
arthritis had disappeared, consistent with pain analysis in the clinical setting (19, 20, 49).
In contrast, the current study found mild (1.5 mg monoclonal antibody and 10 µg LPS;
Chapter 4 and 5) and moderate (3 mg monoclonal antibody and 10 µg LPS; Chapter 5)
CAIA mice to have unexpectedly high paw withdrawal thresholds in comparison to
control mice, suggesting mechanical allodynia was not evident. As local paw
inflammation reached its peak by day 8 in our model, it was expected that the threshold
required to evoke pain in these mice would decrease, with greater reductions in the paw
withdrawal threshold observed in the moderate CAIA model.
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Future Directions:
The inconsistencies in paw withdrawal thresholds in both chapter 4 and 5, particularly
between healthy control and CAIA non-treated mice could be attributed to the von Frey
method implemented. Monofilaments are used extensively in the clinical setting to assess
pain (50), however, the inaccessibility of perceived pain sensation in non-self-reporting
subjects, such as rodents, mandates an indirect approach through observable responses.
Recently, strong criticism has been made for the use of von Frey filaments in the study of
RA associated pain-like behaviour (51). As such, many disadvantages have been raised,
including immense subjectivity and variability due to operator bias (52-54). Although von
Frey filaments can deliver a reproducible force, the accuracy of the stimulus can undergo
significant alteration when repeatedly applied (55) and the filaments themselves are also
subjected to stretching and compression due to ambient temperature and humidity (5658), impacting the force applied and the responses generated.

Another major concern is that mechanical sensitivity in mice and other rodents can change
according to their behaviour (59). The technique also requires rodents to be confined to
the von Frey chamber for an extended period, as well as filaments being applied to the
inflamed tissue numerous times causing greater discomfort (60). Recent studies have
identified certain strains of rodents, including Balb/c mice used in this study (Chapter 4
and 5), can become accustomed to the testing procedure (20), further impacting the
responses elicited. Thus, new methods of assessing mechanical sensitivity are required
for the future study of pain-like behaviour in animal models of RA. The electronic von
Frey apparatus is an extension from the current manual von Frey method used (Chapter
4 and 5) and provides several advantages to the previous technique. The ease and rapidity
of the electronic von Frey apparatus allows for a more sensitive, quantitative and
objective measure of mechanical sensitivity in rodent models of joint inflammation (6163). Paw withdrawal response following induction of disease or treatment is also
compared to its own individual baseline response (61, 63), creating an internal control,
which is not possible when using the traditional manual von Frey method (60). This would
add a powerful dimension to the CAIA model to analyse concomitant subacute and
chronic pain that underlies the development of local paw inflammation.
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Another potential method for future in vivo studies of pain in RA is automated gait
analysis using the catwalk system (64). This is a developing method which assesses a
variety of parameters of walking in freely moving rodents (64-67). It is particularly
beneficial for gait analysis in models with lesions that change the gait and behaviour of
the animal, such as the severe local paw inflammation present in the CAIA model.
However, recent studies suggest that automated gait analysis could be less sensitive to
bilaterally elevated pain resulting from systemic changes (64, 65, 68). As RA is a systemic
autoimmune disease and CAIA is systemically induced in mice resulting in the greater
likelihood of bilateral inflammation of both the front and hind paws, further investigation
is needed into the use of automated gait analysis in murine models of inflammatory
arthritis and the benefits for assessing pain-like behaviour in RA.

6.2.3. Pharmacological modulation of inflammation, bone loss and pain in a collagen
antibody-induced arthritis (CAIA) mouse model
Progression of novel compounds to their application in the clinical setting requires
extensive investigation into their mechanism of action, in addition to characterising their
broader effects in vivo. However, determination of the pharmacodynamics of novel
compounds remains a challenge for a range of reasons, including the vast array of
potential in vivo preclinical models available for the study of RA. The CAIA model has
been used extensively to increase our understanding of the pathogenesis of RA, as
discussed throughout this thesis. Due to the high reproducibility of the CAIA model and
the focus on the effector phase of disease progression, a mild form of the CAIA model
was used in these studies (Chapter 2-4) to assess the effect of novel compounds on local
inflammation and bone destruction.

6.2.3.1 Inhibition of NF-B signalling in the mild CAIA mouse model
RANKL and its downstream molecules, including NF-B, is an important intracellular
signalling pathway for osteoclast formation and activity in normal osteoclastogenesis (6971) and in pathological bone loss (34-36). NF-B signalling is crucial to enhancing
inflammation induced osteoclastogenesis in the progression of RA joint destruction (7274). Recent studies have investigated several natural compounds that have inhibitory
effects on osteoclast formation and bone resorption through suppression of NF-B
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activation (28, 75-79). These include the natural inhibitor Parthenolide (PAR) which was
investigated in the current study (Chapter 4). Previous studies have demonstrated the
therapeutic potential of PAR in different in vivo models of pathological bone loss,
including LPS-induced osteolysis, ovariectomy-induced bone loss and collagen-induced
arthritis (CIA) models (77, 80, 81). In our murine model of CAIA (Chapter 4), PAR was
found to reduce paw inflammation when administered at both 1 mg/kg and 4 mg/kg.
However, with no observable difference in the suppression of inflammation between the
two doses. Interestingly, PAR treatment did not reduce paw inflammation in the hind
paws of CAIA mice. This was unexpected as previous studies have confirmed the antiinflammatory effects of low dose (1 mg/kg) PAR (81, 82). This could therefore be
attributed to the variability in the development of local paw inflammation in response to
induction of mild CAIA, as previously discussed throughout this thesis (Chapter 2-5).

Despite reductions in inflammation, Liu et al. 2015, found that there was no clear effect
on bone erosion at the site of the inflamed joints or on generalised osteopenia following
NF-B suppression by PAR (81). Consistent with this, the present study (Chapter 4) also
found PAR to reduce local inflammation with no change in overall BV. This suggests that
the mild inhibitory effect of low dose (1-4 mg/kg) PAR on inflammation is insufficient
to inhibit the subsequent effect inflammation has on bone erosion. In the current study
(Chapter 4), activation of the NF-B signalling pathway was not directly measured in
paw tissue, as such, it was not confirmed in this model as to whether PAR reached the
synovial joints to actively suppress NF-B when delivered via intraperitoneal injection.
Further in vitro and in vivo studies could assess the pharmacodynamics of PAR further,
as well as the phosphorylation of proteins involved in the NF-B pathway to identify if
PAR is capable of actively suppressing NF-B in osteoclasts at the site of local paw
inflammation. Additionally, assessment of surface bone resorption pits in the front and
hind paws, may yield information around significant effects of PAR treatment on the
suppression of bone resorption itself.

6.2.3.2. Inhibition of N-cadherin in the mild CAIA mouse model
Cell adhesion molecules, including N-cadherin, play crucial roles in perpetuating
inflammatory cell infiltration, pannus formation and joint destruction in the synovial
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joints of RA patients (31, 83-85). The role of cell adhesion molecules, specifically Ncadherin, in osteoclast formation and activity in vitro and in the context of RA in vivo has
not been investigated. This study (Chapter 3) was the first to investigate inhibition of Ncadherin, using the novel N-cadherin antagonist CRS-066 in the CAIA murine model.
The results (Chapter 3) suggest suppression of N-cadherin through topical application of
CRS-066 may have potential benefit in reducing local inflammation. However, similar to
other studies in this thesis (Chapter 2 and 4), suppression of inflammation occurred with
no overall effect on BV, when assessed by high resolution micro-CT. In contrast,
histological analysis of bone in this study showed a reduction in histologically assessed
bone destruction, as well as, reduction in the presence of multinucleated TRAP positive
cells in CRS-066 treated paws in comparison to vehicle treated internal-control paws.
This suggests inhibition of N-cadherin by CRS-066 may modulate osteoclast formation
and activity in synovial joints of CAIA mice. However, the specific effects of CRS-066
on N-cadherin expression was not directly measured in paw tissue. Thus, the penetrance
and mechanism of action following topical application could not be confirmed. Further
preclinical investigations into the specific role of N-cadherin in osteoclast formation in
both normal physiological and pathological conditions, are needed to further elucidate the
pharmacodynamic properties of CRS-066 in vitro and in vivo.

Interestingly, despite CRS-066 reducing local inflammation throughout the CAIA model,
paw volume at end point was higher in CRS-066 treated right paws in comparison to the
vehicle treated left paw of the same mouse. This could be attributed to factors such as
variability in animal response to mild CAIA discussed throughout this thesis (Chapters
2-5), and the small animal number used. CRS-066 (Chapter 3) was administered topically
as it is a favoured route for the local delivery of therapeutic compounds, due to its
convenience, affordability and direct action at the site of injury (86). However, there are
considerable challenges with topical administration of compounds, including achieving
optimal concentration of the compound at the site of action and selecting an appropriate
soluble drug carrier. As this is the first in vivo study investigating CRS-066 there are
currently limited known drug carriers for which this compound can be applied. Thus, in
this study (Chapter 3), CRS-066 was applied topically using 100% dimethyl sulfoxide
(DMSO) as the drug carrier, due to the compound not being water soluble and the
beneficial effects of DMSO enhancing the transport and penetration of compounds into
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the blood (87, 88). However, recently, in vitro and in vivo studies have reported safety
concerns and toxic effects of DMSO at concentrations greater than 10% (89-91). Thus,
the potential effects of CRS-066 on inflammation and the resulting bone destruction may
have been confounded using DMSO as the drug carrier. This was further supported by
the vehicle treated CAIA group, as inflammation was exacerbated following topical
application of DMSO alone. Based on these findings, extensive investigations are
required to develop a potential drug delivery system for CRS-066 and other N-cadherin
antagonists, aiming to improve its efficacy as well as reducing the confounding effects of
DMSO in the complex in vivo environment of inflammatory arthritis.

6.2.3.3. Pharmacological modulation of autophagy and apoptosis in in vitro and
in vivo models
Numerous studies support the inverse relationship between autophagy and apoptosis in
RA (92, 93). However, conflicting evidence (92, 93) justifies the need for further
elucidation of this relationship to identify autophagy and apoptosis as novel targets in the
treatment of RA. The results of this study (Chapter 2) support a complex relationship
between autophagy and apoptosis during inflammatory processes in vitro. Initial findings
in the studies presented here investigated the effect of the apoptosis inducer Embelin and
autophagy inhibitor HCQ in isolation in PBMC-derived osteoclasts. Findings confirmed
that inhibition of autophagy through beclin-1 and LC3 suppression, following HCQ
treatment, results in reduction of osteoclast formation and activity, in comparison to
untreated PBMC-derived osteoclasts. Embelin treatment produced similar effects to HCQ
in PBMC-derived osteoclasts in vitro, suppressing autophagy and osteoclast related
protein expression simultaneously.

Investigation of apoptotic genes is imperative to the investigation of the molecular
pathway of both apoptosis and autophagy in RA. Unexpectedly, in this study (Chapter 2)
Embelin did not increase the expression of apoptotic factors at the gene level. Analysis
of gene expression by real-time polymerase chain reaction (RT PCR), although sensitive,
is inadequate for detecting end stage apoptosis when cells have undergone morphological
changes (94). Therefore, in combination to RT PCR analysis, terminal deoxynucleotidyl
transferase nick-end labelling (TUNEL) staining was conducted as a reliable and
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representative assessment of apoptosis (95, 96). Thus, in this study (Chapter 2), Embelin
treatment increased the number of TUNEL positive PBMC-derived osteoclasts. In
conjunction with the suppression of autophagy and osteoclastogenesis, these findings
support the inverse relationship between autophagy and apoptosis in PBMC-derived
osteoclasts in vitro. These initial findings were then extended by assessing Embelin and
HCQ as both single and combination therapies in vivo. However, pharmacological
modulation of these processes did not result in the suppression of local paw inflammation
or bone destruction in the mild CAIA mouse model.

The expected synergistic effect of the combined treatment of Embelin (30 mg/kg/day)
and HCQ (40 mg/kg/day) on apoptosis was not observed in vivo (Chapter 2). Nor were
the anti-catabolic actions of HCQ observed in CAIA mice as inflammation and bone
destruction was not suppressed following treatment with HCQ. Embelin as a single
treatment did not inhibit local paw inflammation or bone destruction in CAIA mice in
this study (Chapter 2). Embelin initially reduced local paw inflammation from day 4-5,
however when arthritis paw swelling reached peak severity at day 6-8, Embelin had no
further effect on paw inflammation and had no observable effect on BV as assessed by
end point micro-CT analysis. This was not consistent with our in vitro findings nor
previous studies within our laboratory, where significant reductions in local paw
inflammation were observed following treatment with 30 mg/kg Embelin (33). This could
again be attributed to the large mouse variability in response to mild CAIA as discussed
throughout this thesis (Chapter 2-5) and the small animal number used.

As previously discussed, the combination of Embelin and HCQ did not suppress
inflammation or bone destruction in the mild CAIA model (Chapter 2). However, the
combination of Embelin and HCQ did increase the expression of TUNEL positive cells
in the radiocarpal joint of CAIA mice. This supports in vitro analyses and suggests these
treatments can induce apoptosis in cells located in the synovial joints of CAIA mice.
However, due to the vast array of cells infiltrating the synovial joints, it could not be
confirmed which specific cell population was undergoing apoptosis and thus it can not be
assumed that inflammation and bone destruction will resolve following the death of these
TUNEL positive cells. Thus, future investigations should include dual-staining
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techniques to identify which specific cell subsets are targeted by Embelin and/or HCQ in
vivo to elucidate their targeted effects further.
In this study (Chapter 2), LC3 expression was observed in the articular cartilage of the
radiocarpal joint of CAIA mice, supporting a strong association with LC3 positivity and
the occurrence of the disease. Although LC3 expression was reduced following HCQ and
Embelin treatment in vitro (Chapter 2), there was no change in LC3 expression in the
articular cartilage in CAIA mice following single or combination treatment. We were
unable to distinguish between cytosolic (LC3 I) and membrane bound (LC3 II) forms of
LC3 and thus could not assess the change in autophagy flux following treatment both in
vitro and in vivo. This supports the need for further investigation on the dual role of LC3
as a cytoprotective or cell-death associated contributor in cartilage destruction and
osteoclastogenesis during pathological conditions such as RA. Nevertheless, results in
this study (Chapter 2), elucidate the complex role of apoptosis and autophagy in the
pathogenesis of RA and support further investigations into other novel compounds that
may have the potential to target these pathways specifically in osteoclasts and
inflammatory cells to suppress inflammation and bone destruction in RA.

6.3. Thesis Conclusion
In summary, the studies presented here confirm the hypothesis that autophagy and
apoptosis pathways are key modulators of inflammation and osteoclast activity in RA
(Chapter 2), and their selective inhibition may be an effective target for the development
of novel compounds. In addition, the results of this thesis suggest that targeting cell
adhesion molecules (Chapter 3) and NF-B intracellular signalling (Chapter 4) have the
potential to reduce inflammation and its subsequent bone destruction in models of
inflammatory arthritis. However, the results further highlight the complex mechanisms
associated with the progression of bone destruction and RA specific pain in murine
models of inflammatory arthritis (Chapter 4 and 5). Furthermore, the mild CAIA mouse
model did not accurately or consistently recapitulate pathogenic features of RA in Balb/c
mice (Chapter 2-5). Therefore, future investigations should utilise a more moderate or
severe CAIA model in addition to the findings produced from this thesis, to further
elucidate the role of these key factors in the pathogenesis of RA as potential targets for
therapeutic intervention in inflammation induced bone loss.
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Appendix I contains supplemental data that is referred to throughout Chapter 2 and has
been included within the manuscript submission for publication in Bone.

Supplemental Table 1. Proportion of positive and negative LC3 stained sections of the
radiocarpal joint.
GROUP

LC3 POSITIVE LC3 NEGATIVE

TOTAL

CONTROL

1

9

10

CAIA

8

3

11

CAIA+EMBELIN

11

1

12

CAIA+HCQ

9

3

12

CAIA+EMBELIN+HCQ

12

0

12

TOTAL

41

16

57
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Supplemental Table 2. Difference in the proportion of positive and negative LC3 stained
sections of the radiocarpal joint.
DF

X2

P-VALUE

CONTROL VS. CAIA

1

8.01

0.0047

CONTROL VS. CAIA + EMBELIN

1

13.98

0.0002

CONTROL VS. CAIA + HCQ

1

10.31

0.0013

CONTROL VS. CAIA + EMBELIN + HCQ

1

17.40

<0.0001

CAIA VS. CAIA + EMBELIN

1

1.38

0.2402

CAIA VS. CAIA + HCQ

1

0.25

0.6189

CAIA VS. CAIA + EMBELIN+HCQ

1

3.57

0.0590

CAIA + EMBELIN VS. CAIA + HCQ

1

0.48

0.4909

CAIA + EMBELIN VS. CAIA + EMBELIN +

1

0.96

0.3270

1

2.25

0.1335

HCQ
CAIA + HCQ VS. CAIA + EMBELIN + HCQ

Chi squared analysis of the proportion of positive LC3 stained sections of the radiocarpal
joints in all groups.
A p-value less than 0.05 was considered statistically significant. DF; degree of freedom.
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Supplemental Figure 1:

Supplemental Figure 1. Serum CTX-1 (ng/ml) concentration as a measure of systemic
bone resorption. Error bars represent standard error of the mean (SEM; n = 6).
C-terminal telopeptide (CTX-1) levels were assessed in serum collected from mice 10
days after arthritis induction as a marker of bone resorption. A RatLaps CTX-1 ELISA
kit (Immunodiagnostics Systems, Nordic) was used following the manufacturer’s
instructions. CTX-1 levels did not differ significantly between groups at day 10. Although
not statistically significant, average CTX-1 levels were found to be highest in CAIA +
Embelin mice (49.4 ng/ml).
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