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Abstract 

Gout is an inflammatory arthritis caused by the deposition of monosodium urate (MSU) 

monohydrate crystals within and around the joint.  It is the most common form of 

inflammatory arthritis affecting men and is a major cause of musculoskeletal disability in 

New Zealand.  Cartilage and bone erosion are frequently observed in patients with chronic 

gout, and tendon rupture has also been observed in these patients.  The mechanisms of joint 

damage in chronic gout are not yet fully understood.  The aim of this work was to determine 

the role of stromal cells in the development of joint damage in chronic gout. 

Osteoblasts, chondrocytes and tenocytes isolated from primary tissues or appropriate cell 

lines were cultured in vitro with MSU crystals and changes in viability, gene expression, 

differentiation and function were analysed.  The main findings of this study included reduced 

viability of all cell types tested; inhibition of mineralisation by osteoblasts and collagen 

deposition by chondrocytes and tenocytes; and decreased gene expression of osteoblastic, 

chondrocytic and tenocytic markers including collagens and cell-specific transcription factors 

and proteins.  In addition, the gene expression levels of degradative aggrecanases were 

upregulated in chondrocytes cultured with MSU crystals.  These in vitro findings were 

supported by analysis of joint samples from patients with chronic gout.  In bone samples, 

osteoblast and lining cell numbers were reduced at sites adjacent to tophus, but not at sites 

away from tophus.  Cartilage in these patients was highly disordered with a loss of normal 

architecture, and fragments of degenerative cartilage with few or no living chondrocytes were 

often observed.  MSU crystals and tophaceous material were also identified invading tendon, 

within tendon and at the tendon-bone insertion site. 

These results suggest that stromal cells play an important role in the development and 

progression of joint damage in chronic gout, both through active degradation of joint tissues 

and reduced viability and function, which may limit the ability of the joint to repair itself 

following degradation. 
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Chapter 1 

1 
 

CHAPTER 1. Introduction 

Bone and cartilage damage frequently occurs in the joints of patients with chronic gout.  This 

thesis focuses on the mechanisms of joint damage in gout.  The following chapter 

summarises basic bone, cartilage and tendon biology; provides a description of the major 

features of gout; and describes the current understanding of the mechanisms of joint 

destruction in chronic gout, and other erosive arthropathies and related osteolytic conditions. 

1.1. Anatomy of the human joint 

 

Figure 1-1:  Schematic diagram showing the main components of the human synovial joint. 

An articulation or joint is a site in the skeleton at which two bones meet.  Most joints in the 

body enable considerable movement as a result of skeletal muscle contractions, whereas 

some only allow limited motion or are completely immovable such as the sutures of the skull.  

Structurally, joints can be classified according to the type of connective tissue that joins the 

bones together (fibrous or cartilaginous joints) or by the presence of a fluid-filled joint 

capsule (synovial joints).  Synovial joints have the widest range of motion and make up the 

majority of joints between bones in the appendicular skeleton [1].  The synovial joint is made 

up of a number of components (Figure 1-1), including the joint capsule which surrounds the 

ends of both bones thereby joining them together; the synovial membrane which lines the 
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inner surface of the joint capsule and secretes synovial fluid; articular cartilage, a layer of 

hyaline cartilage covering the two opposing bone surfaces, which helps to reduce friction 

between the bones during movement; and the synovial or joint cavity which is the small 

space between the two bone surfaces [2].  Disorders of the joint can be either inflammatory or 

non-inflammatory (e.g. osteoarthritis).  Because joints, bones and muscles act together as a 

functional unit, any joint injury or disorders have profound effects on body mobility and 

therefore quality of life [1,2].  At the cellular level, there are a number of connective tissue 

stromal cells within the joint that are important for overall joint heath.  Bone-forming 

osteoblasts, chondrocytes, tenocytes and synovial fibroblasts have a role in maintaining bone, 

cartilage, tendon and synovial tissues within the joint, respectively.  These cells are also vital 

for any repair or remodelling processes during development and following tissue injury in the 

joint [3].   

1.2. Bone biology 

1.2.1. Bone structure and function 

Bone is a highly specialised connective tissue and the skeleton forms one of the largest 

organs in the human body.  Bone has a number of important functions.  Firstly, the skeletal 

structure itself protects vital organs and provides sites for muscle and ligament attachment.  

Secondly, bone is essential for maintaining mineral homeostasis and serves as a major storage 

site for minerals, including calcium.  Finally the skeleton contains bone marrow, the site of 

haematopoiesis.  The extracellular matrix (ECM) of bone is composed of mineral, type I 

collagen, water, lipids and non-collagenous proteins such as proteoglycans.  The organic 

collagen-based matrix provides elasticity and flexibility; and the mineral content gives bone 

its strength and rigidity.  Morphologically there are two forms of bone: cortical bone, in 

which densely packed collagen fibrils form concentric lamellae; and trabecular or spongy 

bone which has a more variable and porous structure.  Cortical bone makes up the outer layer 

of all bones and is hard and dense.  Trabecular bone contains bone marrow and is found in 

the ends of long bones and in the vertebrae [4,5]. 

1.2.2. Bone cells and bone remodelling 

Bone is a metabolically active tissue which is capable of constantly renewing and repairing 

itself in a highly coordinated process known as bone remodelling.  There are two main cell 
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types involved in bone remodelling: osteoclasts, multinucleated cells which resorb 

mineralised bone; and osteoblasts, which are responsible for new bone formation.  These 

cells are collectively known as the bone remodelling unit [6] (Figure 1-2).  

 

Figure 1-2:  An overview of the bone remodelling cycle and the key cells involved. 
There are four sequential phases in the remodelling cycle performed by the bone remodelling unit as it moves 
along the bone surface: activation of a quiescent bone surface and recruitment of osteoclast precursors; 
resorption of the bone matrix by functional osteoclasts; reversal, during which pre-osteoblast cells are recruited 
into the resorption pit; and finally new bone formation by differentiated osteoblasts [6-8]. 

Osteoblasts are derived from pluripotent mesenchymal stem cells (MSCs) [9].  MSCs have 

vigorous proliferative potential and give rise to a number of different cell lineages including 

osteoblasts, adipocytes, chondrocytes, myoblasts and fibroblasts.  Commitment to the 

osteoblastic lineage and subsequent osteoblast differentiation requires a spectrum of signals, 

both local and systemic.  Local factors produced within the bone microenvironment include 

osteoblast-derived cytokines and growth factors, matrix proteins, and transcription factors 

which are induced by bone morphogenic proteins (BMPs).  Systemic factors involved include 

a number of hormones and cytokines (Figure 1-3) [9].  Following commitment to the 

osteoblast lineage, different transcription factors control the expression of osteoblastic genes 

in a temporal manner to further promote differentiation.  For example, the progression of 

osteoprogenitor cells to pre-osteoblast cells requires the expression of Runx2 and Cbfβ 

(Osterix).  Osterix is then vital for the subsequent differentiation of pre-osteoblasts into fully 

functioning osteoblasts [10].  Mature osteoblasts either terminally differentiate into bone 

lining cells, osteocytes or commit to apoptosis.  Osteocytes are the most abundant cell type 
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found in bone and are embedded within the mineralised bone matrix at regular intervals.  

These cells have an important role in responding to biomechanical strain and regulate the 

signals that initiate either bone resorption or formation to help maintain bone mass.  

Osteocytes may also have a role in regulating phosphate homeostasis [11]. 

 

Figure 1-3:  Osteoblast differentiation. 
The primary function of each cell type is shown below as well as typical markers (purple).  Factors involved in 
the progression of differentiation are shown in blue.  Adapted from [9,12]. 

Osteoclasts are derived from hematopoietic stem cells [13] and osteoclast differentiation, or 

osteoclastogenesis, is tightly regulated through interactions between osteoclast precursors 

(monocytes and macrophages) and osteoblasts (Figure 1-4).  These interactions are mediated 

by receptor activator of nuclear factor-κΒ (RANK), a receptor expressed on osteoclast 

precursor cells, and its ligand, receptor activator of nuclear factor-κΒ ligand (RANKL), 

expressed on mature osteoblasts, T lymphocytes (T cells) and other stromal cells.  RANKL 

binding to RANK in the presence of monocyte-colony stimulating factor (M-CSF) stimulates 

osteoclastogenesis.  Osteoprotegerin (OPG) is a soluble decoy receptor for RANK secreted 

by osteoblasts and is a negative regulator of osteoclastogenesis.  Once activated, osteoclasts 

attach to the bone surface using a specialised ruffle border forming an isolated 

microenvironment between itself and the bone surface.  This microenvironment is eventually 

acidified by H+ATP-ase mediated transport of protons across the osteoclast membrane, 

facilitating the resorption and degradation of bone by enzymes such as cathepsin K [13].  
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Figure 1-4:  Role of the RANKL/RANK/OPG system in osteoclastogenesis. 
The binding of RANKL to RANK in the presence of M-CSF, activates osteoclast differentiation; whereas 
binding of RANKL to OPG, a decoy receptor, suppresses osteoclast formation.  The Wnt signalling pathway is 
critical in osteoblast maturation and subsequently the ratio of RANKL/OPG expression which controls 
osteoclastogenesis [8,14-17]. 

1.2.3. Cytokines and key signalling pathways in bone remodelling 

Many cytokines are important regulators in the formation and function of osteoclasts and 

osteoblasts.  The majority of these cytokines are produced by cells of the immune system.  

Most act indirectly by regulating the expression of RANKL and OPG in osteoblasts, and 

RANK in osteoclasts.  In general, pro-inflammatory cytokines, such as interleukins (IL)-1, -6, 

-11, -17, and tumour necrosis factor-α (TNF-α) act synergistically to stimulate 

osteoclastogenesis and promote osteoclast function and survival [18-21].  Canonical wingless 

(Wnt) signalling also has a role in bone metabolism.  Wnt signalling is essential for osteoblast 

proliferation, differentiation and subsequent bone formation, whereas suppression of Wnt 

signalling by inhibitors such as Dickkopf (Dkk)-1, results in bone loss.  Wnt signalling also 

affects osteoclastogenesis by modulating OPG and RANKL expression by osteoblasts [22-

24].   



Chapter 1 

6 
 

1.3. Cartilage biology 

1.3.1. Cartilage structure and function 

Normal adult articular cartilage is made up of cartilage cells, chondrocytes, which are 

embedded within abundant ECM.  The ECM is composed mainly of type II collagen fibrils 

interspersed with types IX and XI collagens, which provide tensile strength; and 

proteoglycans such as aggrecan, attached to hyaluronic acid polymers which confer resistance 

to compression [25,26].  Cartilage itself can be divided into four zones, the superficial zone is 

the top most layer of cartilage in contact with the joint synovial space and is comprised of 

thin collagen fibrils arranged parallel to the joint surface and small flattened, highly 

proliferative chondrocytes; the intermediate zone is the thickest layer of cartilage and is made 

up of radial bundles of thicker collagen fibrils and small rounded chondrocytes;  the deep or 

radial zone has thick collagen bundles arranged radially and prehypertrophic chondrocytes 

arranged in columns or clusters; and finally the zone of calcified cartilage which is located 

immediately below the tidemark and above the subchondral bone, and has hypertrophic 

chondrocytes that produce type X collagen and are committed to eventually undergo 

apoptosis.  From the superficial zone to the deep zone, cell density progressively decreases, 

whereas chondrocyte differentiation state and cell volume is increased.  The proportion of 

proteoglycan relative to collagen also increases.  The tidemark serves as a marker between 

uncalcified articular cartilage and subchondral bone [27,28].  

1.3.2. Chondrocytes 

Chondrocytes are derived from MSCs (Figure 1-5) and comprise 2-5% of cartilage tissue 

volume.  Chondrocytes have very low metabolic activity, partly due to low vascularisation 

and innervation of the tissue.  Their principal function is to maintain the ECM by low 

turnover replacement of matrix components in response to mechanical stimuli, growth factors 

and cytokines [25].  Chondrocyte differentiation, or chondrogenesis, is important both during 

development and in the adult skeleton, for example during skeletal tissue repair.  As 

chondrocytes mature, the cells enlarge and change shape, and in vitro, the stability of the 

chondrocyte phenotype is critically dependent on cell shape and cell density [29,30].  Early 

chondrocytes are round and express markers such as SRY-box 9 (Sox9), type II collagen and 

aggrecan.  The Sox family of transcription factors is crucial for early chondrocyte 

differentiation.  Sox9 is essential for Sox5 and Sox6 expression and also has a role in 
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regulating the expression of downstream differentiation markers such as Indian hedgehog 

(Ihh), Patched1 (Ptc1) and parathyroid hormone-related peptide (PthrP) [31,32].  BMPs are 

also important for early chondrocyte differentiation [33].  As chondrocytes mature and 

flatten, they begin to express low levels of Runx2 and Osterix.  These cells are highly 

proliferative.  Eventually, these cells begin the process of hypertrophy where they withdraw 

from the cell cycle, begin to enlarge, and increase the expression of Ihh, parathyroid 

hormone-related peptide receptor (PthrP-R) and type X collagen, as well as Runx2 and 

Osterix, which are required for matrix mineralisation [10,34,35].   

 

Figure 1-5:  Chondrocyte differentiation.   
Transcription factors involved in differentiation and typical markers for each cell differentiation state are shown 
in green. 

1.4. Tendon biology 

1.4.1. Tendon structure and function 

Tendons connect muscle to bone and their main purpose is to transmit the force of muscle 

contraction to the skeleton and thus generate movement.  Tendons also function to stabilise 

joints and are able to absorb large shocks thereby protecting the muscle.  Tendons have a 

hierarchical design and this unique structure gives them the ability to resist tension.  Triple-

helical, rod-shaped collagen molecules combine to form collagen fibrils.  Bundles of these 

fibrils are then grouped together to form larger tertiary fibre bundles.  These bundles are 

surrounded by the endotenon, a layer of tissue containing blood vessels, lymphatics and 

nerves.  The multiple fibre bundles and endotenon are then enveloped by the epitenon which 

is a thin layer of connective tissue around the outside of the tendon.  Finally the tendon is 

enclosed within the paratenon, or tendon sheath, which is a double-layered sheath loosely 
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attached to the outside of the epitenon [36,37].  The point at which the tendon inserts into the 

bone is called the enthesis.  The basic cellular unit of tendons are tenocytes, fibroblast-like 

cells arranged in elongate rows within the collagen fibrils.  Synovial fibroblast-like cells are 

also present within the endotenon and tendon sheath.  Tenocytes produce collagens and other 

key components of tendons.  Type I collagen is the main collagen found in tendons, although 

other collagens including type III collagen are also present in lesser amounts.  Matrix proteins 

such as proteoglycans, glycoproteins, tenascin C, aggrecan, decorin, fibronectin and biglycan 

are also found in the tendon ECM [36,38,39].   

1.4.2. Tenocytes 

There is relatively little information regarding the differentiation of tenocytes from MSCs, 

and although there are no molecular markers specific to just tenocytes, a couple of factors are 

known to be expressed highly by tenocytes.  Scleraxis, a transcription factor, is expressed in 

tenocyte progenitors [40] and is a positive regulator of tenomodulin, a glycoprotein important 

for tendon differentiation and formation [41,42].  A recent study showed that Smad8 and 

BMP2 signalling are important for driving MSCs down the tenocyte lineage [43].  Fibroblast 

growth factor signalling and growth differentiation factors-5, -6, and -7 may also be involved 

in tenocyte differentiation [44,45].  

1.5. Gouty Arthritis 

Bone, cartilage and tendon tissue are all affected by gout.  Gout is an inflammatory arthritis 

caused by the deposition of monosodium urate (MSU) monohydrate crystals within and 

around the joint.  Gout is the most common form of inflammatory arthritis affecting men, and 

is a major cause of musculoskeletal disability in New Zealand, with high rates of early onset, 

severe disease in Māori and Pacific men [46-48].   

1.5.1. Epidemiology 

Gout affects approximately 1% of the Caucasian population in the United Kingdom, and 

3.9% of the total population in the United States [49,50].  In New Zealand, the prevalence of 

gout in Māori and Pacific men is particularly high; affecting at least 25% of Pacific men and 

75% of Māori men over the age of 65 years [46].  Higher prevalence rates in these 

populations are partly due to a genetic predisposition of reduced renal uric acid excretion 
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[48,51,52].  The risk of gout is directly related to increasing age and a number of 

epidemiological studies have demonstrated that the prevalence of gout has substantially 

increased over the last few decades [48,50,53].  Aside from ageing, other lifestyle related 

factors in Western populations have contributed to the increased prevalence of gout through 

their effects on serum urate levels, including diet, alcohol intake, diuretic use and the 

presence of co-morbidities such as hypertension, obesity and insulin resistance [54,55].    

1.5.2. Uric acid and hyperuricaemia 

Uric acid is a weak acid that largely exists as urate (ionised form) at physiological pH.  It is 

produced during the metabolism of purine nucleotides.  The majority of mammals have a 

hepatic enzyme, urate oxidase (uricase), which metabolises uric acid to hydroxyisourate, 

which is then converted to 5-hydroxy-2-oxo-4-ureido-2,5-dihydro-1H-imidazole-5-

carboxylate, which is then further metabolised by decarboxylase into allantoin, a highly 

soluble excretory product [56].  In contrast, this enzyme is absent in humans and higher 

primates due to mutations in the uricase gene [57].  These mutations are thought to have 

conferred an evolutionary advantage in early hominoids by helping to maintain cerebral 

blood pressure and increase salt sensitivity during the low-salt dietary conditions of the 

Miocene period [58,59].  In consequence, the final breakdown product of purine metabolism 

in humans is uric acid and humans tend to have higher serum urate levels than other 

mammals [59,60].  Levels of urate in the body are determined by the balance between dietary 

intake, de novo synthesis, and the rate of excretion.  In vitro, at physiological pH and 

temperature, MSU crystallisation occurs when when the urate concentration is appoximately 

404μmol/L (6.8mg/dL) [61].  As urate concentration increases in physiological fluids, the 

risk for supersaturation, crystal formation and gout increases [62,63].  Several factors 

influence the solubility of urate in joint fluids including temperature, pH, the concentration of 

ions, the level of articular dehydration, and the presence of nucleating agents such as 

chondroitin sulphate, non-aggregated proteoglycans and insoluble collagens [61,64-66].  

Although prolonged asymptomatic hyperuricaemia is considered necessary for the 

development of gout, it does not always lead to gout [62]. 

1.5.3. Acute gout 

Patients with gout typically present with recurrent self-limiting attacks of acute arthritis 

affecting the lower limbs.  The onset of a gouty attack is characterised by the rapid 
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development of warmth, swelling, erythema and extreme pain in the affected joint.  The 

initial attack is usually monoarticular and frequently involves the first metatarsophalangeal 

joint [67].  

An acute gout attack or gouty flare results from the presence of MSU crystals in the synovial 

fluid and the subsequent inflammatory response they invoke.  These attacks are often 

triggered by specific events such as trauma, surgery, excessive alcohol intake, consumption 

of high purine foods, or drugs that alter serum urate levels.  These events may stimulate the 

formation of new MSU crystals, or trigger the release of MSU crystals from preformed 

deposits in the joint.  MSU crystals taken from the synovial fluid of patients with acute gout 

are needle-shaped, typically about 5-15μm in length, and show strong negative birefringence 

when viewed under polarising light microscopy [68,69].   

1.5.3.1. The inflammatory response to MSU crystals 

The inflammatory response to MSU crystals in the joint is mediated by both cellular and non-

cellular components of the innate immune system.  Pro-inflammatory cytokines such as      

IL-1β, TNF-α, IL-6 and IL-8 generated by immune cells in response to MSU crystals act 

upon other stromal and immune cells in the joint to further amplify inflammation and cause 

tissue damage.  These cytokines and other mediators including bradykinin and substance P, 

contribute to the pain that is associated with a gouty flare [70].   

The pathological hallmark of the acute gouty response is neutrophil influx into the synovial 

tissue and fluid [71,72].  However, as neutrophils are normally absent from a healthy joint, 

the interaction of MSU crystals with local cells is a prerequisite for triggering neutrophil 

ingress into the joint.   One of the earliest events in initiation of gouty inflammation is 

thought to be mast cell degranulation and the release of histamine and TNF-α, which 

activates endothelial cells and promotes the expression of adhesion molecules [73].  Mast 

cells are critical in the early phase of MSU crystal-induced inflammation.  Depletion of mast 

cells in a murine model of MSU crystal-induced peritonitis significantly reduced neutrophil 

recruitment [74], and a transient peak in mast cell number precedes neutrophil influx in the 

rat air-pouch model of MSU crystal-induced inflammation [75].  Activation of vascular 

endothelial cells leads to vasodilation and increased blood flow, increased permeability to 

plasma proteins, and the recruitment of circulating neutrophils and monocytes into the joint 

[73,74,76].  Interaction of neutrophils with MSU crystals amplifies inflammation in a number 
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of ways.   MSU crystals trigger the degranulation of neutrophils following phagocytosis or by 

direct lysis of the cell membrane, causing the release of potent mediators of pain, tissue 

damage, and inflammation including prostaglandin E2 (PGE2), reactive oxygen species, 

leukotriene B4, s100A8, s100A9, IL-1 and IL-8 [77-83].  Phagocytosis of MSU crystals by 

neutrophils is enhanced by opsonisation of crystals with immunoglobulins and complement 

proteins [84,85]. 

The critical role of IL-1β in mediating MSU crystal-induced acute inflammation has been a 

recent breakthrough in understanding the pathogenesis of acute gout.  Monocytes and 

macrophages are important for the production of mature IL-1β.  Tissue resident macrophages 

are essential for sensing MSU crystals and initiating inflammation.  These cells have been 

shown to produce IL-1β in the peritoneal murine model of acute gout during the early phase 

of inflammation, before the arrival of infiltrating monocytes and neutrophils [86].  In other 

studies using murine models of acute gout, animals lacking the IL-1 receptor (IL-1R), or 

those with impaired IL-1R activation, or animals treated with an IL-1 neutralising antibody, 

all had impaired MSU crystal-induced leukocyte influx and inflammation, demonstrating the 

pivotal role of IL-1β in acute gout [87,88].   

A number of receptors and intracellular signalling pathways are involved in transducing the 

response to MSU crystals in monocytes and macrophages, leading to the release of IL-1β and 

other pro-inflammatory mediators including IL-6, IL-8, monocyte chemotactic protein-1 

(MCP-1) and TNF-α [89-92].  Firstly, MSU crystals are able to activate the multi-protein 

intracellular NLRP3 (NACHT, LRR and PYD domains-containing protein 3) inflammasome, 

which leads to the release of mature IL-1β.  Upon interaction with and activation by MSU 

crystals, the NLRP3 inflammasome joins with the adaptor protein ASC, which then connects 

to and enables activation of caspase-1 which cleaves pro-IL-1β to mature IL-1β [93].  In 

vitro, macrophages from mice deficient in components of the inflammasome have reduced 

MSU crystal-induced IL-1β production.  Furthermore, in a mouse model of MSU crystal-

induced peritonitis, mice lacking the inflammasome had impaired neutrophil influx and 

inflammation [88].   

Secondly, Toll-like receptors (TLR)-2 and -4 have been implicated in sensing and mediating 

the phagocytosis of MSU crystals.  Macrophages isolated from mice deficient in TLR-2, 

TLR-4 or the downstream signalling adaptor MyD88, showed impaired uptake of MSU 
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crystals and decreased IL-1β and TNF-α production in vitro.  In addition, reduced neutrophil 

invasion and inflammation was observed in the air pouch model of inflammation using mice 

deficient in this signalling pathway [94].  CD14, a cell surface adaptor protein, is also 

involved in transducing the inflammatory potential of MSU crystals in macrophages and may 

act in concert with the TLRs.  However, CD14 is not necessary for MSU crystal phagocytosis 

in these cells [95]. 

Finally, expression of the transmembrane receptor TREM-1 is upregulated by macrophages 

in vitro and in vivo in response to MSU crystals.  Engagement of TREM-1 in the presence of 

MSU crystals leads to enhanced inflammation and increased production of IL-1β, IL-8, TNF-

α, and MCP-1 [89,90,96].   

1.5.3.2. Resolution of the acute gouty attack 

Without treatment, the gouty attack will usually spontaneously resolve over a period of 10 to 

14 days.  Several studies have demonstrated the importance of macrophages in the resolution 

phase of acute gout.  In vitro, it has been shown that more differentiated macrophages are 

able to effectively phagocytose MSU crystals without eliciting an inflammatory response 

[97,98].  Additionally, mature macrophages inhibit MSU crystal-induced inflammation 

through the induction of transforming growth factor-β (TGF-β), an anti-inflammatory 

cytokine [99].  TGF-β has been shown to markedly reduce MSU crystal-induced 

inflammation in the rat air pouch model [100].  IL-10 may also help resolve gouty 

inflammation as upregulation of IL-10 expression has been reported to limit MSU crystal-

induced inflammation in the mouse air pouch model [101].  Changes in proteins that coat 

MSU crystals may also have a role in altering their effect on immune cells.  For example, 

coating of MSU crystals with apolipoproteins B and E inhibits neutrophil degranulation in 

vitro and in vivo [102,103].  

1.5.4. Intercritical gout 

Following an acute gout attack, the symptoms of gouty arthritis may have abated.  However, 

MSU crystals are still present in asymptomatic joints from patients with hyperuricaemia and 

are often associated with low-grade persistent inflammation [104,105].  It has been suggested 

that there is a balance in the joint between those factors that maintain the non-inflamed state 

in the presence of MSU crystals, and the pro-inflammatory state of an acute gout attack [70].  
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Risk factors mentioned above such as trauma and the intake of high purine foods may tip the 

balance in favour of inflammation leading to a gouty flare.  

1.5.5. Chronic tophaceous gout 

In the presence of prolonged and/or severe hyperuricaemia, some patients will eventually 

develop chronic gout, characterised by chronic gouty arthropathy and tophi.  This form of 

arthritis normally develops after 10 or more years of acute intermittent gout [67].  The 

accumulation of MSU crystals can eventually result in tophus formation.  Tophi are chronic 

granulomatous lesions surrounding a core of MSU crystals, encased by dense connective 

tissue (Figure 1-6) [106,107].  Cartilage damage and bone erosion are frequent manifestations 

of chronic tophaceous gout.  Radiographic damage is strongly predictive of hand function in 

patients with tophaceous gout, and as tophi increase in size and number, and as more joints 

become involved, joint deformity progresses and function is further impaired [108].   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6:  Chronic tophaceous gout. 
(A) Chronic tophaceous gout in the hand of a patient with gout.  Numerous tophi can be seen.  (B) The 
histological appearance of a gouty tophus (unstained) viewed under polarising light microscopy with a red 
compensator.  Collections of MSU crystals surrounded by inflammatory cells and fibrovascular tissue can be 
seen.  Scale bar represents 100μm. 

1.5.6. Treatment of gout  

The main goal of therapy in acute gout is fast and effective termination of the acute attack.  

The treatments most frequently used are non-steroidal anti-inflammatory drugs; colchicine, 

A B
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an inhibitor of phagocytosis which prevents uptake of MSU crystals; and systemic and 

intraarticular corticosteroids which interfere with the induction of pro-inflammatory 

pathways [109].  Specific inhibitors of IL-1 have also been reported to be beneficial in 

treating patients with gout [110,111].  Once the acute gout attack is treated, further flares can 

be prevented by lowering serum urate levels.  Urate lowering therapy (ULT) is important in 

the long-term management of gout and a serum urate concentration of 360μmol/L is the 

recommended target for patients with gout [112,113].  ULT has also been shown to promote 

tophus regression in patients with chronic gout [114,115] and may help prevent further 

radiographic damage in affected joints.  Allopurinol and febuxostat are two effective urate 

lowering agents that inhibit xanthine oxidase.  Xanthine oxidase is an enzyme that is essential 

for the conversion of the purine products hypoxanthine and xanthine to urate, and is one the 

main therapeutic targets for the management of hyperuricaemia.  Both allopurinol and 

febuxostat target xanthine oxidase by directly binding to sites within the enzyme necessary 

for enzyme function, thus inhibiting the formation of uric acid [116-118]. 

1.5.7. Imaging joint damage in gout 

In the absence of early intervention, chronic gout is associated with changes in articular and 

periarticular structures.  These structural joint changes can be assessed and visualised using 

various imaging modalities including plain radiography, magnetic resonance imaging, 

ultrasonography and computed tomography.   

1.5.7.1. Plain radiography 

Characteristic plain radiographic features of gout include swelling of soft tissues, presence of 

tophi, preserved periarticular bone mineralisation, well-defined “punched out” focal erosions 

with overhanging edges of sclerosis, and an asymmetric polyarticular distribution (Figure 

1-7) [119,120].  Joint space widening and subchondral bone collapse may be present in later 

stages of disease [121].  In the past, plain radiography has been the standard imaging 

technique used for assessing structural changes in gouty joints.  However, plain radiographic 

damage is a late feature of chronic gout, and in patients with early disease, plain radiographs 

may be normal or show only soft tissue swelling [122].  Advanced imaging methods are more 

sensitive than plain radiography at detecting erosion and can also assess other aspects of 

disease including tophus, synovitis and MSU crystal deposition. 
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Figure 1-7:  Plain radiography of the hands from a patient with chronic gout. 
Numerous erosions can be seen and joints with extensive bone erosion are marked with arrows [8]. 

1.5.7.2. Magnetic resonance imaging (MRI) 

MRI allows earlier detection of subclinical tophi and osseous changes in patients with 

chronic gout compared to plain radiography, ultrasonography and clinical examination 

[122,123].  A recent study has described MRI features in 33 patients with uncomplicated gout 

[124].  Bone erosion was observed in 64% of MRI scans, tophi in 67%, and synovitis in 31%.  

This study and others have found that bone marrow oedema is a surprisingly uncommon and 

mild feature of uncomplicated gout [122,124,125], and when seen, it usually occurs in the 

proximity of intraosseous tophi [126,127].  These findings contrast with rheumatoid arthritis, 

where bone oedema is relatively common and has been linked with later development of 

erosions [128].  MRI has also demonstrated inflammation of the synovial membrane 

overlying tendons in patients with chronic gout [124].        

1.5.7.3. Ultrasonography (US) 

US in gout is useful for detecting very early joint structural changes, including small bone 

erosions in both symptomatic and asymptomatic joints, and it can also detect MSU crystal 

deposition [129,130].  High resolution US has been demonstrated to be more sensitive than 

radiography for detection of bone erosion in the first metatarsophalangeal joint in patients 

with gout [130], but is less sensitive than MRI in the detection of erosive changes [122].  In 

addition, tophi and synovitis have been identified at sites of erosion in patients with gout 
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using US [130-132].  Ultrasonographic studies have highlighted the close relationship 

between MSU crystals and articular cartilage in patients with gout.  The “double contour” 

sign, a hyperechoic, irregular band over the superficial margin of the articular cartilage, is 

considered diagnostic of gout, and is thought to represent MSU crystals coating the articular 

cartilage [131,133,134].  US has also been used to describe tendon involvement in gout.  In 

particular, a recent study showed tophus envelopment of tendons in gouty joints, as well as 

the presence of tophi adjacent to tendons and at the enthesis [135].   

1.5.7.4. Computed tomography (CT) 

Conventional CT enables excellent visualisation of intra-articular tophi and bone erosions in 

patients with gout (Figure 1-8) [136-140].  CT is also more accurate than MRI and US for 

determining the presence of tophus [136] and detects more spurs and osteophytes than plain 

radiography [140].  A recent study using CT has demonstrated the integral connection 

between intraosseous tophi and bone erosion in patients with gout [139].  In this study, CT 

erosion and tophus scores were analysed in 798 hand and wrist joints from 20 patients with 

gout.  A strong relationship between erosion score and the number of joints with intraosseous 

tophi was shown, and tophus size and erosion size were also found to be closely associated.  

These findings implicated tophus infiltration into subchondral bone as a dominant mechanism 

for the development of bone erosion in gout [139]. 

 

Figure 1-8:  CT scan in the axial plane of the hands of a patient with chronic tophaceous gout. 
Arrow indicates area of bone erosion with associated intraosseous tophus [8]. 

1.5.7.5. Dual-energy computed tomography (DECT) 

Dual-energy CT is able to colour code different materials in the joint according to their 

chemical composition allowing differentiation between uric acid and calcium (bone) in joints 
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(Figure 1-9).  Therefore, DECT can be used to evaluate MSU crystal deposition in gouty 

joints [141,142].  In a study with 20 patients with gout, urate deposits were clearly identified 

using DECT scanning in all patients.  In addition, DECT identified approximately four times 

more loci of urate deposits than physical examination.  DECT has a potential role in studies 

investigating the interactions between MSU crystals and bone erosion in patients with gout 

[142]. 

 

Figure 1-9:  DECT imaging in gout. 
DECT image of the first metatarsophalangeal joint showing MSU crystals present within a bone erosion (left) 
and  a DECT image showing MSU crystals within the Achilles tendon (right) from two individual patients with 
chronic tophaceous gout (urate=green; calcium=pink) [143]. 

1.6. Mechanisms of joint damage in other erosive 
arthropathies and related osteolytic conditions 

Imaging studies have demonstrated that bone erosion and cartilage damage are frequently 

observed in the joints of patients with chronic gout.  These lesions are usually associated with 

the presence of MSU crystals and tophus.  In the past, research into the mechanisms of joint 

damage in chronic gout has been relatively limited.  Bone, cartilage and tendon lesions in 

other erosive arthropathies such as rheumatoid arthritis and psoriatic arthritis, and osteolytic 

conditions such as wear debris-induced osteolysis, may share similar pathological 

mechanisms with joint destruction in chronic gout.  Insights into the pathogenesis of localised 

damage in these conditions may inform the understanding of joint damage in gout.  Here, the 

major mechanisms of joint damage in other inflammatory diseases and osteolytic conditions 

are discussed. 
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1.6.1. Rheumatoid arthritis 

1.6.1.1. Mechanisms of bone erosion 

Rheumatoid arthritis (RA) is characterised by the presence of a chronic inflammatory 

synovitis accompanied by progressive destruction of joint cartilage and bone.  The skeletal 

complications of RA consist of focal articular bone erosions as well as periarticular 

osteopenia.  The osteoclast has been identified as the main cell type responsible for 

pathological bone loss in RA.  Osteoclast-like cells have been identified within synovial 

tissue and at the bone-pannus interface at sites of bone erosion in joint tissue from patients 

with RA and animal models with experimental inflammatory arthritis [144-147].  

Furthermore, osteoclast precursor cells isolated from the peripheral blood and synovial fluid 

from patients with RA [148,149] and arthritic animal models [150] are able to differentiate 

into fully functional osteoclasts in the presence of RANKL and M-CSF.  Further support 

implicating the osteoclast as the principal cell type responsible for focal bone loss in RA 

comes from animal models of RA in which osteoclast differentiation or activity has been 

impaired.  The human TNF transgenic (hTNFtg) mouse with a c-fos double knock-out results 

in the complete absence of osteoclasts and bone erosion, although joint inflammation persists, 

thus demonstrating the necessity of osteoclasts for erosive arthritis [150].  In a RANKL 

knockout mouse model with serum transfer induced arthritis, there is a dramatic reduction in 

trabecular and cortical bone erosion despite the presence of ongoing inflammation.  

Treatment with OPG in adjuvant-induced arthritic (AIA) rodents also inhibits 

osteoclastogenesis and focal bone erosion, as well as systemic bone loss in a dose-dependent 

manner [151,152].  Finally, in rats with collagen-induced arthritis (CIA) treated with an OPG 

fusion protein at the onset of disease, clinical inflammation is unaltered but osteoclast number 

and bone erosion is reduced [153].  RANKL has been found to be expressed by T cells [154] 

and synovial fibroblasts [155] in human RA tissue, and in chondrocytes in the AIA model of 

arthritis [156], further implicating RANKL in RA joint destruction.   

 

In addition to RANKL and OPG, IL-1 and TNF-α are important regulators of 

osteoclastogenesis in RA.  TNF-α and IL-1 are both overexpressed in the synovium and at 

the cartilage-pannus junction in joint samples from patients with RA [157,158].  Both factors 

indirectly enhance osteoclastogenesis by upregulating the expression of RANKL and 

downregulating the expression of OPG in stromal cells [159,160].  The importance of IL-1 
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and TNF-α in RA joint damage has been studied using animal models.  Anti-IL-1 therapy 

given to mice and rats with CIA or AIA, either prior to or after disease onset, and IL-1 

knockout hTNFtg arthritic mice, all have reduced bone erosion [161-163].  Similar results 

have been observed in rodents given anti-TNF-α therapy.  These animals also show 

prevention of bone and joint destruction with TNF-α inhibition prior to or during established 

disease [151,163,164].  In human RA, there is evidence that inhibition of TNF-α activity can 

reduce clinical joint inflammation and bone oedema, and retard the progression of bone 

erosions.  However, inhibition of IL-1 has had only modest effects in treated patients [165-

169].   

 

Although the osteoclast appears to be the main cell responsible for localised bone resorption 

in RA, other cell types may also contribute to bone erosion in concert with osteoclasts.  

Chronic activation of T cells in RA [170] may affect bone remodelling.  T cells express 

membrane-bound and secreted forms of RANKL [171] and are able to directly induce 

osteoclastogenesis in vitro and in vivo [154,172].  B lymphocytes (B cells) from patients with 

RA have also been shown to express high levels of RANKL mRNA and protein in the 

synovial fluid and synovial tissue [173], and patients that were given therapy targeting B cells 

were shown to have a decrease in circulating osteoclast precursors and reduced expression of 

RANKL [174].  In human RA tissue, synovial fibroblasts have been shown to express 

RANKL [154,172] and other cytokines influencing osteoclastogenesis [175,176].   

 

Osteoblasts also contribute to bone loss in RA and impaired osteoblast differentiation has 

been reported in the serum transfer-induced arthritic mouse model [177].  In this study, 

histomorphometry was used to show that within arthritic bone, mineralisation at sites of 

inflammation was reduced compared to bone adjacent to normal marrow.  At the same time 

there was an increase in osteoid surfaces present in bone adjacent to inflammation compared 

with bone surfaces away from inflammation.  Consistent with these findings, there were 

fewer osteoblasts at these sites of low mineralisation expressing late markers of osteoblast 

differentiation associated with bone mineralisation, such as alkaline phosphatase and 

osteocalcin.  However, osteoblasts expressing earlier markers of differentiation, such as 

Runx2, were present at the same sites indicating that inflammation in RA suppresses 

osteoblast maturation and limits their ability to mineralise bone [177].  Patients with RA have 

also been shown to have an increased percentage of active osteoid surface compared to 
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patients with OA [178] and similar findings have been reported in other animal models of 

arthritis [179,180]. 

 

Recent work has suggested that the Wnt signalling pathway may be involved in the 

pathological bony changes observed in RA [22].  Dkk-1, an inhibitor of Wnt signalling [181], 

is upregulated by TNF-α overexpression in the hTNFtg mouse model and in human RA.  

Blockade of Dkk-1 reduces osteoclast numbers, bone erosion, and leads to osteophyte 

formation.  These results suggest that Dkk-1 is an important mediator of bone erosion in RA 

and that Wnt signalling is needed for new bone formation in inflammatory arthritis [22].  This 

is supported by a recent study using a murine model of inflammatory arthritis that 

demonstrated changes in the expression of Wnt signalling molecules in the setting of 

resolving inflammation [182].  The Wnt antagonists, secreted frizzled-related protein (sFRP)1 

and sFRP2 were downregulated, and the bone anabolic factors Wnt10b and Dkk-2 were 

upregulated as inflammation was resolved.  These changes were accompanied by induction of 

osteoblast mediated new bone formation [182].  An interesting finding of the RA animal 

models and clinical studies has been that inflammation and bone erosion are often uncoupled; 

that is, focal bone loss can be reduced despite the presence of persistent inflammation.  To 

summarise, inflammation is unaffected by OPG treatment [151-153], RANKL blockade 

[183], and inhibition of osteoclastogenesis [150], but local bone erosion is reduced in each 

case.  Inflammation is also unchanged with Dkk-1 inhibition [22] suggesting that Dkk-1 is 

linked to bone loss in RA through other non-inflammatory pathways.  This uncoupling effect 

is also seen in patients with RA treated with anti-TNF-α or anti-IL-1, where prevention of 

progressive joint damage is observed in patients who have a clinical reduction in joint 

inflammation as well as those who do not [166,168].  These data suggest that bone erosion 

may partly arise from distinct mechanisms from the underlying joint inflammation in RA and 

may be mediated in part through changes in Wnt signalling. 

1.6.1.2. Mechanisms of cartilage damage 

Significant articular cartilage damage occurs in RA through the cleavage of proteoglycans 

and other components of the ECM, with chondrocyte cell death and impaired chondrogenesis 

contributing as well [184-189].  Many of the factors produced by the inflamed RA synovium 

that are involved in regulating bone remodelling, also affect chondrocyte function.    
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Matrix metalloproteases (MMPs) are the major proteolytic enzymes that facilitate cartilage 

tissue remodelling in both physiological and pathological situations.  Patients with RA have 

elevated MMP levels in the serum [184,190,191], synovial fluid [192-195], and synovial 

tissue near the cartilage-pannus junction close to the sites of cartilage and bone erosion [196-

199].  Expression of tissue inhibitor of metalloproteinases (TIMPs), the negative regulators of 

MMPs, is reduced in more inflammatory RA resulting in a higher MMP/TIMP balance 

favouring cartilage degradation [200].  This ratio is also higher at the cartilage-pannus 

junction in patients with erosive RA compared to patients with non-erosive RA [201].  The 

aggrecanases, A disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)4 

and ADAMTS5 also facilitate the breakdown of cartilage matrix in RA and are expressed in 

the synovial membrane and pannus in patients with RA [202].  A mouse model deficient in 

ADAMTS5 induced to develop arthritis showed reduced loss of aggrecan and cartilage 

damage compared to wild-type mice [203].  In addition, aggrecan cleavage fragments are 

present in the synovial fluid of patients with RA [204].  Cathepsins B and L may also be 

involved in RA cartilage degradation [205,206]. 

IL-1 and TNF-α have also been implicated as being important in RA cartilage loss.  IL-1 

upregulates the expression of MMPs and the production of other degradative products such as 

nitric oxide by chondrocytes [161,207,208], and both IL-1 and TNF-α are able to upregulate 

MMP expression in RA synovial fibroblasts [209-212].  Blockade of IL-1 in arthritic animal 

models has been shown to reduce cartilage degradation and normalise proteoglycan synthesis 

[161,162,213,214].  Blockade of TNF-α in arthritic animal models has also demonstrated a 

reduction in cartilage degradation, although this protective effect is limited to early cartilage 

loss as no improvement is seen if TNF-α is inhibited during advanced arthritis [162,213]. 

Invasion of the articular cartilage in RA joints by the overlying inflamed synovium and 

pannus is essential for the degradation of cartilage.  A recent study using the hTNFtg murine 

model investigated the time course of events leading to pannus invasion and cartilage damage 

and highlighted the role of synovial fibroblasts in RA joint damage [215].  The results from 

this study showed that inflammatory factors produced by the synovial membrane such as IL-1 

induced proteoglycan loss, which was preceded by and necessary for subsequent attachment 

and invasion of inflamed synovial tissue into cartilage.  In the same study synovial fibroblasts 

taken from patients with RA showed significant attachment to cartilage ex vivo [215].  These 

findings suggest synovial fibroblasts are important drivers of cartilage damage in RA.  Cell-
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tissue and cell-cell adhesion molecules such as integrins and cadherins have also been shown 

to be important for synovial fibroblast mediated cartilage destruction [216,217].  

Furthermore, synovial fibroblasts at the leading edge of the invasive pannus have been shown 

to express mediators of bone and cartilage degradation including MMPs [196,218] and 

cathepsins [205,219].     

 

It is interesting to note that there is occasionally an uncoupling effect between the degree of 

cartilage degradation and bone erosion within the same joint in RA.  In the AIA model, OPG 

treatment effectively protects rats from both bone erosion and cartilage destruction [171] 

suggesting that there is a common pathway in these two mechanisms of joint destruction.  In 

contrast, in the serum transfer RANKL knockout model [183] and the hTNFtg animal model 

[150], proteoglycan loss and cartilage erosion occurred despite the complete absence of bone 

damage, thus demonstrating that there must be other mechanisms involved and that 

protection of overlying cartilage is not just a result of intact subchondral bone.  In these 

models, it appears that cartilage damage and bone erosion are occurring by distinct 

mechanisms, and that RANKL-driven and osteoclast mediated bone erosion is not involved 

in cartilage erosion.  Differences seen in cartilage damage in these studies may also reflect 

differences in the degree of primary cartilage damage intrinsic to these models [220]. 

1.6.1.3. Tendon involvement in RA 

Tenosynovitis, inflammation of the tendon sheath and surrounding synovial membrane, is 

frequently observed in RA [221], and is one of the first signs of tendon involvement in RA as 

shown in a murine model [222] and in patients with early RA [223-225].  Tenosynovitis may 

also predict the development of erosive joint damage in patients with early RA [226].  

Structural damage to the tendon in RA is not as well defined as bone and cartilage damage, 

but electron microscopy has demonstrated thinning of collagen fibrils in tendons from 

patients with RA [227,228].  Tendon rupture does occur in patients with RA [221,229,230] 

and tendon function is correlated with hand function [231].  The mechanisms of tendon 

damage in RA are still unclear, although histological observations suggest that invasion of the 

tenosynovium into the tendon is a key mechanism [232].  In vitro studies looking at the 

expression levels of degradative enzymes in invasive tenosynovium from patients with RA 

showed higher levels of MMP-1, -2, - 8, -9 and -13 compared to non-invasive tissue from the 

same hand [233-235].  Similarly, TNF-α, IL-1 and IL-6 were also highly expressed in 
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invasive tenosynovial tissue [235,236], suggesting that these catabolic enzymes and cytokines 

help drive invasion of the tenosynovium into the tendon and subsequent matrix breakdown 

and damage.  Hypoxia may also influence tendon damage in RA, as invasive tenosynovium 

taken from patients with RA is more hypoxic than non-invasive tissue from the same hand 

[237].  Under these conditions angiogenic factors such as vascular endothelial growth factor 

and hypoxia-inducible factor-2a are also upregulated in invasive tenosynovium [236,237], 

suggesting a hypoxic RA environment further promotes angiogenesis, inflammation and 

synovial proliferation making the tenosynovium proinvasive and more likely to infiltrate the 

tendon.  Tenosynovitis may also contribute to very early bone erosion at the enthesis by 

promoting osteoclast formation at this site [222]. 

1.6.2. Psoriatic arthritis 

1.6.2.1. Mechanisms of bone erosion 

Psoriatic arthritis (PsA) is considered to be a disorder of altered bone remodelling with 

marked bone resorption coupled to new bone formation within the same joint [238].  Patients 

with PsA have increased levels of RANKL, OPG and alkaline phosphatase in their serum 

[239] which suggests increased bone turnover.  Characteristic features of PsA include 

erosions, joint space narrowing, bony spur formation, osteolysis, and ankylosis [240,241].  As 

well as focal bone erosions, there is also some evidence showing that these patients have 

reduced bone mineral density in several locations [242,243].  There is a strong correlation 

between the presence of MRI bone oedema and joint damage in PsA [244], and also between 

erosive disease and disability scores [245].   

 

Similar to RA, it is likely that the osteoclast is the principle cellular mediator of focal bone 

erosion in PsA.  A key study of human PsA investigated the mechanisms of TNF-α- and 

RANKL-mediated osteoclastogenesis and bone resorption in PsA.  Osteoclast precursor cells 

are increased in the peripheral blood of patients with PsA, with higher levels observed in 

those patients with erosive disease.  In vitro, these precursors are able to differentiate into 

mature osteoclasts and secrete high levels of TNF-α.  Numerous osteoclasts are present 

within resorptive pits of the subchondral bone and at the pannus-bone junction of PsA joints.  

RANKL is present throughout the synovial lining layer and OPG expression is restricted to 

endothelial cells away from sites of active erosion [238].   
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TNF-α also has an important role in bone erosion in PsA.  TNF-α is elevated in the synovial 

tissue and fluid of patients with PsA [246], and gene polymorphisms in the TNF gene are 

significantly associated with the presence of and progression of joint erosions [247].  Anti- 

TNF-α therapy decreases peripheral osteoclast precursor frequency [238,248] and 

mobilisation of precursors from the bone marrow [249].  These studies provide evidence for a 

mechanism of osteoclastogenesis in PsA whereby elevated levels of TNF-α increase the 

frequency of circulating osteoclast precursors and drive differentiation and activation of these 

cells as they enter and progress through the joint towards the bone surface [238].  Finally, 

anti-TNF-α therapy has shown great efficacy in patients with PsA.  Significant inhibition of 

joint space narrowing and progression of radiographic erosion has been observed in anti-

TNF-α treated patients [250,251].  

 

Less is known about the mechanisms of pathological new bone formation in PsA.  The effect 

of TNF-α and RANKL inhibition on bony spur formation has been investigated in rats with 

CIA and AIA  [252].  Both models have an increase in osteoclast numbers prior to the 

appearance of bony spurs, suggesting an initial resorptive stimulus precedes new bone 

formation.  TNF-α and RANKL blockade has no effect on osteophyte formation, indicating 

that new bone formation may not be coupled to inflammation, and that osteoclasts are not 

essential for new bone formation in these two models [252]. 

1.6.2.2. Mechanisms of cartilage damage 

Knowledge of the mechanisms responsible for damage of the articular cartilage in PsA is 

limited.  Similar to RA though, it is thought that MMPs and TIMPs are involved.  Both are 

found at high levels in the serum, synovial fluid and tissue of patients with PsA 

[195,201,253-255].  In patients with erosive disease, the ratio of MMP/TIMP expression has 

been found to be higher at the cartilage-pannus junction compared to distal sites within the 

same joint, whereas no difference was seen in patients with early non-erosive disease [201], 

suggesting MMPs are involved in later stages of PsA cartilage damage.  The source of MMPs 

involved in PsA cartilage damage is not yet known, although expression has been seen in 

synovial fibroblasts [209].  TNF-α may play a role in mediating PsA cartilage degradation as 

short term anti-TNF-α treatment in patients with PsA demonstrated a reduction in serum 

MMP levels [256] and markers of cartilage degradation [257]. 
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1.6.2.3. Tendon involvement in PsA 

Tenosynovitis and tendinitis are frequently found in PsA joints [258,259].  Enthesitis, 

inflammation of the enthesis, is also commonly seen in patients with established PsA 

[260,261], but not early PsA [262].  Oedema at the enthesis has also been observed using 

ultrasonography [261].   

1.6.3. Wear debris-induced osteolytis 

Wear debris generation is one of the primary causes of periprosthetic osteolysis and 

subsequent implant loosening in total joint replacements.  Wear debris particles are generated 

from continual loading and movement at the implant interface [263].  Metal and polyethylene 

particles are an average size of 1µm or less [264].  Wear debris associated osteolysis is the 

result of metal or polymeric particles from the implant interacting with and activating 

immune cells, and generating an inflammatory response involving various cytokines and 

chemokines.  Particle size is important as debris must be phagocytosable, i.e. less than 10µm, 

to produce an inflammatory response in vitro [265,266].  Wear debris has been detected at the 

bone-implant interface and within the bone marrow near the implant site [267,268], therefore 

osteoclasts and osteoblasts are likely to be in contact with these particulates and are expected 

to have a role in periprosthetic osteolysis.  

 

Osteoclasts are responsible for the excessive focal bone resorption in wear debris-induced 

osteolysis.  In vitro studies using osteoblast-like cells and ex vivo studies using human bone 

have shown that exposure to both metal and polymer particulates increases RANKL and 

decreases OPG expression, resulting in an OPG/RANKL ratio that favours osteoclastogenesis 

and enhanced resorption [269-271].  In vitro and in vivo, blockade of the RANKL/RANK 

interaction prevents particle induced osteoclastogenesis and subsequent bone erosion [272-

274], indicating that the osteoclast is a crucial cellular mediator of bone erosion in wear 

debris-induced osteolysis. 

 

There are numerous studies showing particulate suppression of bone formation through 

inhibitory effects on both osteoblasts and their progenitors.  These effects are often dependent 

on particle size and/or composition.  Osteoblast-like cells are able to phagocytose wear debris 

particulates up to 9µm long and these are visible within the cytoplasm.  Larger particles, 10-

15µm long, appear to be attached to the membrane and produce a reduced inhibitory effect on 
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osteoblasts in vitro [275,276].  Osteoblasts exposed to wear debris in vitro have a dose-

dependent decrease in viability and proliferation, and an increased rate of cell detachment and 

apoptosis [276-282].  Osteoblast function is also affected, with suppressed collagen synthesis 

and matrix mineralisation; and decreased osteocalcin, alkaline phosphatase and TGF-β 

expression, suggesting the cells move towards expression of a less differentiated phenotype 

upon contact with wear debris particulates [275,277,283].    

 

Wear debris also compromises the ability of bone marrow-derived mesenchymal lineage cells 

to differentiate into osteoblasts.  In vitro, exposure of mesenchymal lineage cells to wear 

particulates decreases bone sialoprotein and alkaline phosphatase gene and protein 

expression, suppresses collagen synthesis and matrix mineralisation, reduces cellular 

proliferation and viability, and inhibits differentiation [284-287].  The effects of wear debris 

on osteoblasts and their progenitors are mostly dependent on phagocytosis, and experiments 

blocking phagocytosis of wear debris show a reduction in the inhibitory effect of particulates 

[278,288].  In addition to RANKL, osteoblasts also secrete various other pro-osteoclastogenic 

cytokines in response to wear debris, including M-CSF, IL-6, PGE2, IL-1 and TNF-α 

[275,277,281,289].  Furthermore, in the presence of TNF-α or IL-1β, osteoblasts stimulated 

with wear particles express chemokines [290] which help recruit osteoclast precursors to the 

bone-implant interface.  Thus, osteoblasts contribute to wear debris osteolysis not only 

through reduction in new bone formation due to an inhibition of osteoblast activity and a 

diminished osteoblast progenitor population; but also through enhanced osteoclast precursor 

recruitment and osteoblast-mediated osteoclastogenesis. 

 

Other key cellular and soluble mediators of wear debris-induced osteolysis include 

macrophages and fibroblasts present at the bone-implant interface, and the cytokines and 

chemokines secreted by them.  Macrophages are activated by wear particles, either after 

phagocytosis or following interaction with cell surface receptors, resulting in expression of 

proinflammatory cytokines such as IL-1, IL-6 and TNF-α [291,292], which then stimulate 

osteoclastogenesis and bone resorption.  TNF-α appears to be especially important because 

anti-TNF-α therapy in vitro and in vivo reduces osteoclast formation and activity induced by 

titanium particles [293].  Additionally, macrophages, fibroblasts and osteoblasts may also 

further contribute to particle-induced tissue destruction through MMP production [294-296]. 
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1.7. Mechanisms of joint damage in chronic gout 

The association between MSU crystal deposition and joint damage in chronic gout has been 

recognised for decades.  Examination of cadaveric samples from patients with gout in the 

1950s demonstrated the presence of MSU crystal deposits and tophi adjacent to sites of 

cartilage loss and joint destruction [297,298].  The underlying pathological mechanisms of 

joint damage in chronic gout have been a key focus of laboratory research in the last decade.  

Recent developments in the understanding of bone erosion, cartilage damage and tendon 

involvement in chronic gout are described below.  

1.7.1. Role of the osteoclast in gouty bone erosion 

The underlying pathological mechanisms of bone erosion in chronic gout are not as well 

understood as the mechanisms responsible for bone loss in other inflammatory arthropathies 

and related osteolytic conditions.  It seems unlikely that local pressure exerted by the intra-

articular tophus is sufficient to cause such bony lesions in the gouty joint.  It is more likely 

that cellular-derived cytokines, chemokines, enzymes and other mediators from the tophus 

and surrounding area create an environment conducive to bone and joint degradation.  MSU 

crystals have been observed in subchondral bone in patients with gout [298,299].  Therefore, 

it is highly likely that bone cells such as osteoclasts and osteoblasts are in direct contact with 

MSU crystals following tophus infiltration into the bone. 

Recent research suggests that osteoclasts contribute to the pathogenesis of bone erosion in 

chronic gout [300-302].  Patients with tophaceous gout have disordered osteoclastogenesis; 

with peripheral blood mononuclear cells (PBMCs) and synovial fluid mononuclear cells 

(SFMCs) from these patients preferentially forming osteoclast-like cells in the presence of 

RANKL and M-CSF, and the number of peripheral blood-derived osteoclasts formed strongly 

correlates with the number of tophi present.  Although MSU crystals do not directly promote 

osteoclast formation, there is evidence to suggest that MSU crystals drive osteoclastogenesis 

indirectly through alterations in the RANKL/OPG ratio within stromal cells [300].  A recent 

study showed increased protein expression of RANKL in tophus samples from patients with 

gout, whereas OPG expression was largely absent [302].  Patients with erosive gout also have 

higher serum concentrations of RANKL, M-CSF, and the soluble IL-6 receptor [300,301], 

which may have the effect of priming osteoclast precursor cells in the circulation for 

osteoclastogenesis.  In addition, radiographic bone damage in chronic gout is negatively 
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associated with serum concentrations of OPG [301] and stromal cells cultured with MSU 

crystals showed a reduction in mRNA and protein expression of OPG, without significantly 

altering RANKL mRNA expression [300].  Numerous osteoclast-like cells have been 

identified within the tophus surrounding MSU crystal deposits and at the soft tissue-bone 

interface (Figure 1-10) [300,302].  Taken together, these results indicate that enhanced 

osteoclast formation and activation is an important mechanism for bone erosion in gout. 

  

Figure 1-10:  Osteoclast involvement in chonic gouty bone erosion. 
Tartrate-resistant acid phosphatase (TRAP) immunohistochemical analysis of bone from a gouty joint 
demonstrating the presence of numerous osteoclast-like cells at the bone-tophus interface.  Arrows indicate 
osteoclast-like cells.  Scale bar represents 40µm [143]. 

1.7.2. Other cellular mediators of bone erosion in chronic gout 

Cellular characterisation of the gouty tophus has identified the presence of innate and 

adaptive immune cells within the tophus.  Mono- and multi-nucleated macrophages, mast 

cells, T and B lymphocytes and plasma cells within the tophus have been identified, which 

may have a role in joint damage [106,302].  High expression of IL-1β by immune cells has 

been observed within the tophus [106]; this cytokine may coordinate bone damage in gout 

through modulation of osteoclastogenesis and the induction of matrix-degrading enzymes by 

stromal cells [161,303].  Mono- and multi-nucleated macrophages in the tophus core also 

express IL-6, TNF-α and MMPs, which can contribute to joint damage via enhanced 

osteoclastogenesis and tissue degradation respectively [302,304]. 

 

The role of T cells in chronic gout joint destruction has recently been highlighted.  T cells in 

gouty tophus samples were shown to express high levels of RANKL, and in vitro 

Bone 
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osteoclastogenesis was inhibited in T cell depleted SFMC cultures in response to MSU 

crystals and M-CSF [302].  Cells of the monocyte/macrophage lineage have previously been 

implicated in the development of bone erosion in gout.  Culture of MSU crystals with murine 

macrophages leads to the release of unidentified factors that promote bone resorption [305], 

and culture of human monocytes with MSU crystals induces cyclooxygenase-2 (COX-2) and 

PGE2 production [306] which would enhance osteoclastogenesis [13].  Synovial fibroblasts 

and chondrocytes also increase COX-2 and PGE2 expression when stimulated with MSU 

crystals [307,308].   

 

Osteoblast involvement in chronic gout and associated bone erosion is a relatively new focus 

of research.  As mentioned above, MSU crystal deposits have been observed within 

subchondral bone [299].  Therefore, osteoblasts are likely to have direct contact with MSU 

crystals.  Osteoblasts are known to regulate osteoclastogenesis and therefore bone resorption, 

through the production of RANKL, OPG and M-CSF [13].  MSU crystals inhibit OPG gene 

and protein expression in an osteoblastic cell-line, without significantly altering RANKL 

gene expression [300].  Furthermore, conditioned media from osteoblast-like cells cultured 

with MSU crystals promotes osteoclast formation from monocyte/macrophage precursors, 

whereas MSU crystals added directly to the precursors fails to induce osteoclastogenesis 

[300].  This indicates that although MSU crystals do not directly stimulate osteoclastogenesis 

from precursor cells, they may drive osteoclast formation by altering the balance of RANKL 

and OPG in stromal cells to favour osteoclastogenesis and bone resorption.  MSU crystals 

have also been shown to have direct effects on osteoblast morphology and function [309].  In 

vitro, human osteoblasts stimulated with MSU crystals and IL-1 show evidence of 

pseudopods surrounding the crystals and partial phagocytosis.  Functional changes observed 

include increased COX-2 and PGE2 protein expression (which may stimulate 

osteoclastogenesis), generation of the cytokines IL-6 and IL-8, and finally suppression of 

osteocalcin formation and alkaline phosphatase activity, indicating reduced osteoblast 

differentiation and bone formation.  In summary, osteoblasts together with other mediators, 

could contribute to abnormal local bone resorption in gout through an increase in osteoblast-

mediated osteoclastic activity. 
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1.7.3. Cartilage degradation in chronic gout 

Cartilage loss tends to be a late feature of gouty arthropathy and is localised rather than 

diffuse.  Cartilage damage is often associated with erosion and has been described as 

occurring in regions of biomechanical stress [310,311].  MSU crystals are deposited radially 

in the superficial layers of articular cartilage [297], and cartilage surfaces in chronic gout are 

often described as being diffusely dusted with white crystal deposits [298].  These 

histological observations are supported by ultrasonography.  US studies have highlighted the 

close relationship between MSU crystals and articular cartilage as the “double contour” sign, 

which can be visualised over the superficial margin of the articular cartilage in gouty joints, 

and is thought to represent MSU crystal deposition [131,312].   

MSU crystal deposition and tophus formation may also contribute to the erosion of cartilage 

matrix in gout through the local production of enzymes and other degradative products.  

MSU crystals may directly promote cartilage degradation by inducing nitric oxide generation 

and expression of MMP-3 in articular chondrocytes through TLR-2 signalling and 

upregulation of NF-κB [313,314].  Increased nitric oxide production can impair chondrocyte 

viability and proteoglycan synthesis, and has the potential to enhance MMP activity [315-

317].  Upregulation of other MMPs has also been observed in synovial fibroblasts stimulated 

with MSU crystals [307,318,319], and in macrophages obtained from gouty synovial tissue 

and within the tophus [304,320].  Thus, MMPs appear to have an important role during 

cartilage degradation in chronic gout.  MSU crystals in conjunction with IL-1β also stimulate 

COX-2 mRNA and PGE2 protein expression in human chondrocytes [308], which may 

amplify inflammation and enhance osteoclastogenesis.  Therefore, following interaction with 

MSU crystals, chondrocytes, synovial fibroblasts and immune cells may contribute to 

cartilage damage in gout through increased production of catabolic factors such as 

degradative enzymes and pro-inflammatory mediators. 

There is growing evidence to suggest a link between the presence of osteoarthritis (OA) and 

sites of MSU crystal deposition.  There is a significant association between the sites of acute 

gout attacks and the presence of OA [321], and synovial uric acid levels have been shown to 

be a marker of OA severity in the knee [322].  A large cadaveric study that examined the 

presence of MSU crystal deposits within the ankle found that when seen, MSU crystals were 

nearly always located within or adjacent to an osteoarthritic cartilage lesion [310].   The 

direction of this association is still unclear; that is, whether the presence of osteoarthritic 
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cartilage predisposes local formation and deposition of MSU crystals, or whether MSU 

crystals initiate and drive cartilage damage.  A number of explanations have been suggested 

for why MSU crystals preferentially deposit in OA cartilage [311].  The OA joint has 

increased levels of cartilage degradation products present such as chondroitin sulphate, which 

lowers urate solubility and promotes nucleation and growth of MSU crystals [64,65,323].  In 

addition, chondrocyte death within osteoarthritic cartilage [324] leads to locally elevated 

concentrations of uric acid in the joint from the degradation of nucleic acids [325].  

Therefore, it is more likely that MSU crystals preferentially form at sites of OA, and then 

promote further degradation of the cartilage matrix through tophus formation and infiltration. 

1.7.4. Tendon involvement in chronic gout 

A number of imaging modalities have been used to document the involvement of tendons in 

gout.  An ultrasonographic analysis of 138 tophus affected areas in 31 patients with gout 

showed that tophus envelopment of the tendon was the most common finding, followed by 

the presence of tophi at the enthesis, and lastly tophi adjacent to the tendon causing extrinsic 

compression [135].  MRI has demonstrated that tenosynovitis and tendinosis are seen in 

patients with gout [124].  Finally, MSU crystal deposits have been observed within the 

tendon and at the enthesis using CT in patients with gout [138].  Although tendon damage is 

not as clinically apparent as cartilage and bone damage in patients with chronic gout, cases of 

tendon rupture that may have been associated with the presence of MSU crystals or tophi 

have been reported [326,327].  Tophus infiltration into tendons has also been observed during 

surgery [328-330].  The consequences of MSU crystal deposition and tophus formation on 

tendon function in patients with chronic gout are not fully known. 

  



Chapter 1 

32 
 

1.8. Aims 

Although there has been major progress in the understanding of joint damage in other erosive 

arthropathies and osteolytic diseases, the mechanisms of joint damage in chronic gout are less 

clear.  As summarised, recent work has highlighted the role of disordered osteoclastogenesis 

and changes in osteoblast function in the pathogenesis of bone erosion in chronic gout.  

Research has strongly implicated tophus invasion as the key mechanism of bone erosion in 

gout.  The role of stromal cells as cellular mediators of joint damage in chronic gout has not 

yet been fully explored. 

The mechanisms of wear debris osteolysis are particularly interesting when considering the 

pathology of chronic gout, as both conditions occur due to the presence of particulates within 

and around joint spaces.  MSU crystals may have similar effects on bone cells as wear debris.  

The osteoclast has been demonstrated to be an important mediator of bone erosion in both 

conditions; and although there is little information on the effects of MSU crystals on 

osteoblasts, it can be speculated that similarly to wear particulates; MSU crystals also have 

inhibitory effects on osteoblast survival and activity.  Further research focusing on the role of 

the osteoblast is needed to discern the mechanisms of both bone erosion and new bone 

formation in tophaceous gout. 

Previous research on the role of articular chondrocytes in gout has focussed on the 

contribution of these cells to the acute gouty inflammatory response and has shown that 

following interaction with MSU crystals, chondrocytes may contribute to cartilage damage in 

gout through inflammatory mechanisms.  The direct effects of MSU crystals on chondrocyte 

viability and the ability of chondrocytes to maintain cartilage matrix is not yet entirely 

understood, and may be of significance to the overall health and function of cartilage in joints 

affected by chronic gout.  In addition, very little is known about tendon damage in chronic 

gout and how urate deposition in and around the tendon affects the viability and function of 

this tissue and its cells. 

The aim of this work was to examine the direct effects of MSU crystals on the viability and 

function of stromal cells and connective tissue within the joint including osteoblasts, 

chondrocytes and cartilage, and lastly tenocytes and tendon.  In order to do this, relevant cell 

lines or primary cells were isolated from the appropriate tissue, cultured with MSU crystals 

and the changes in a number of cellular functions were assessed, including viability, 
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differentiation, protein and matrix production, and gene expression.  Joint samples from 

patients with chronic gout were also collected and changes in cellularity and morphology of 

bone, cartilage and tendon in relation to the presence of tophus and MSU crystals was 

analysed.   

Further understanding of the role of stromal cells in this destructive process of joint damage 

in chronic gout has important implications for future therapeutic intervention.  Because 

stromal cells will be essential for any repair processes that need to occur in the joint 

following removal of MSU crystals, research focussing on their functional responses to MSU 

crystals is of great importance and may provide insights into how these cells may be 

manipulated to aid repair in joints damaged by gout. 
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CHAPTER 2. Methods and Materials 

2.1.  Ethical approval 

Collection of human samples was approved by the Northern Regional ethics committee and 

all patients provided written informed consent. Samples were obtained from Middlemore 

Hospital and Manukau Surgery Centre in Auckland, New Zealand.  All protocols involving 

animals were approved by the University of Auckland animal ethics committee.  Animals 

were obtained from the Vernon Jansen Unit on site. 

2.2. MSU crystal synthesis 

All reagents used to synthesise MSU crystals were from Sigma-Aldrich (St. Louis, MO) 

unless otherwise specified.  All equipment used to synthesise MSU crystals was cleaned in 

1% E-toxa clean solution and sterilised by autoclaving.  Endotoxin-free MSU crystals were 

prepared by recrystallisation from uric acid.  1g uric acid was slowly added to boiling 

endotoxin-free water containing 29.6mM sodium hydroxide, stirring constantly.  The solution 

was cooled to 60°C and the pH adjusted to 8.9, then cooled to room temperature stirring 

continuously.  Once crystallisation had occurred, the solution was kept at 4°C overnight.  The 

presence of MSU crystals was confirmed using polarised light microscopy (Figure 2-1).  

Crystals were poured onto filter paper in a class II tissue culture cabinet and then dried at 

40°C for at least two days.  Once dry, MSU crystals were removed from filter paper and 

stored in sterile containers at room temperature.  For use in tissue culture, MSU crystals were 

resuspended to a concentration of 5mg/mL in Minimum Essential Medium Alpha (αMEM) 

medium, sonicated for 5 minutes (mins), and stored at 4°C.  The mean length of MSU 

crystals used in all experiments was 8.26 ±0.25μm.  All batches of MSU crystals were tested 

for endotoxin using Sigma-Aldrich E-Toxate Reagent single vial endotoxin tests.  All crystals 

had endotoxin levels below 0.05EU/mL.  Inflammatory potential was confirmed by culturing 

MSU crystals with THP-1 cells and measuring the concentration of IL-1β and IL-8 protein in 

conditioned media as described in section 2.3.14.   
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Figure 2-1:  MSU crystals. 
MSU crystals were synthesised from uric acid and viewed under polarising light microscopy with a red 
compensator.  MSU crystals are needle-shaped and negatively birefringent.  Scale bar represents 30μm. 

2.3. Cell and tissue culture 

2.3.1. Materials 

Cell culture media, fetal bovine serum (FBS), trypsin-EDTA and all antibiotics used in tissue 

culture were purchased from Invitrogen (Life Technologies Australia Pty Ltd., Mulgrave, 

Australia).  Media were made from powder using ultrapure water and supplemented with 

100units/mL penicillin, 100μg/mL streptomycin and 0.22% sodium bicarbonate (Sigma-

Aldrich, St. Louis, MO).  Phosphate buffered saline (PBS) was made up as follows:  137mM 

NaCl, 7.9mM Na2HPO4, 1.5mM KH2PO4, 2.7mM KCl, pH 7.4.  Prior to use in tissue culture, 

all media and other solutions made from non-sterile ingredients were sterilised by passing 

through a 0.2μm filter (Sartorius AG, Goettingen, Germany).  RPMI medium was purchased 

in liquid form from Invitrogen.  Bovine serum albumin (BSA) was purchased from Immuno-

chemical Products Ltd (Auckland, New Zealand).  All other chemicals and drugs used for 

tissue culture were purchased from Sigma-Aldrich unless stated otherwise.   

75cm2 tissue culture flasks and 48-well plates were purchased from Corning (Lowell, MA), 

and 6-, 24- and 96-well plates were from Greiner Bio-One (Cellstar, Frickenhausen, 

Germany).  All plastic-ware used for tissue culture had been pre-sterilised using gamma 

irradiation.  All glassware and stainless steel dissection tools used in tissue culture were 
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soaked in 1.5% nitric acid or ViraClean (Whiteley Medical, North Sydney, Australia) 

respectively and sterilised by autoclaving. 

All sterile tissue culture work was carried out in a class II tissue culture cabinet.  All cultures 

were grown in a hydrated incubator at 37°C with 5% carbon dioxide.  Cells were maintained 

in 75cm2 flasks containing 30mL of the appropriate media.   

2.3.2. Human osteoblasts 

The isolation of human osteoblast-like cells was performed by other members of the Bone & 

Joint group.  Cultures of primary human osteoblasts were prepared using normal human 

trabecular bone from 50- to 70-year-old consenting patients undergoing knee or hip 

replacement surgery, using a modified method of Robey and Termine [331].  Bone was cut 

into small fragments and washed several times with PBS to remove any residual fat and bone 

marrow.  Bone fragments were then incubated at 37°C with collagenase (1% wt/vol in 

Dulbecco’s modified Eagle’s medium; DMEM) in a shaking water bath for 30 mins, before 

being washed with media and placed in flasks containing 10% FBS/DMEM.  After two days, 

medium was replaced with 10% FBS/DMEM + 5μg/mL L-ascorbic acid 2-phosphate 

(AA2P).  Outgrowth of cells from bone chips usually occurred 3-4 days later, at which point 

bone fragments were transferred to a new flask containing the same media as above.  Media 

were changed twice weekly and cells were cultured to 100% confluency.  Cells were used 

immediately or after passaging once.  

2.3.3. Human chondrocytes and cartilage explants 

Cultures of primary human chondrocytes were prepared using human cartilage obtained from 

50- to 70-year-old consenting patients undergoing knee or hip arthroplasty for osteoarthritis.  

For isolation of chondrocytes, macroscopically normal cartilage away from sites of 

osteoarthritic tissue was removed from the bone and chopped finely.  Tissue was incubated at 

37°C with constant shaking in pronase solution (0.8% wt/vol in 10% FBS/DMEM) for one 

hour (hr) followed by collagenase (0.1% wt/vol) for up to 18 hours (hrs) until all tissue had 

been digested.  Cells were passed through a 70μm cell strainer and centrifuged for 3 mins at 

363 x g.  Cells were washed twice and then seeded in flasks (approximately 1.2 x 106 

cells/flask) with 10% FBS/DMEM + 20μg/mL AA2P.  Cells were cultured to 100% 

confluency and passaged once before use.  Media were changed twice weekly. 
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For non-adherent chondrocyte cultures and cartilage organ culture, 48-well tissue culture 

plates were coated with poly(2-hydroxyethyl methacrylate) [poly-HEMA] to prevent cellular 

attachment and maintain a chondrocytic phenotype under non-adherent conditions [332].  

Poly-HEMA was dissolved in 95% ethanol overnight at 37°C to a concentration of 

100mg/mL, centrifuged for 30 mins at 644 x g, and added to 48-well plates (100μL/well).  

Plates were left to air dry in a class II tissue culture hood and sterilised under ultraviolet light 

for 30 mins.  Plates were stored at room temperature.  To confirm non-adherent cell cultures 

did have a chondrocytic phenotype, real-time PCR was performed comparing the mRNA 

expression of collagen type 2α1 (Col2α1), and aggrecan (Acan) in cells cultured under 

adherent and non-adherent conditions for two days (Figure 2-2).  The expression of both 

genes was increased in non-adherent cultures compared to adherent chondrocyte cultures, 

supporting the use of this culture method where feasible.   

For cartilage organ culture, full depth slices of cartilage were removed from the bone and 

placed in 10% FBS/DMEM.  Cartilage explants (6mm diameter) were punched out using a 

stainless steel biopsy punch and transferred to a 48-well tissue culture plate coated with poly-

HEMA to prevent cellular outgrowth.  Explants were maintained in 10% FBS/DMEM + 

20μg/mL AA2P for two days.  Viability of individual explants was then determined by 

culturing each explant with a final concentration of 5% alamarBlue (Invitrogen) for 24 hrs.  

Conversion of the alamarBlue colour was considered to be indicative that explants were 

viable.  Media were then changed for a further 24 hrs before cartilage explants were used for 

experiments.   
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Figure 2-2:  Comparison of the expression levels of chondrocytic genes in cultures of adherent and non-
adherent chondrocytes in vitro. 
Non-adherent cultures of chondrocytes have increased expression of cartilage matrix proteins compared to 
adherent cultures of chondrocytes.  Real-time PCR was used to determine changes in the mRNA expression 
levels of  aggrecan and type II collagen in primary human chondrocytes.  Expression levels were calculated 
relative to a constant number (20).  P value determined by Student’s paired t-test. 
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2.3.4. Human tenocytes 

Cultures of primary human tenocytes were prepared from the biceps tendon, obtained from 

consenting patients undergoing orthopaedic surgery.  For isolation of tenocytes, 

macroscopically normal tendon tissue was cut into strips parallel to tendon fascicles and then 

chopped into small pieces.  Any muscle or vascular tissue was removed.  Tissue was 

incubated at 37°C with constant shaking in collagenase and dispase (0.1% wt/vol in 10% 

FBS/DMEM/F-12) for up to 24 hrs until all tissue had been digested.  Cells were passed 

through a 70μm cell strainer and centrifuged for 5 mins at 636 x g.  Cells were washed twice 

and then seeded in flasks (approximately 2 x 106 cells/flask) with 10% FBS/DMEM/F-12.  

Cells were cultured to 100% confluency and media were changed twice weekly.  Cells were 

used on the first passage. 

2.3.5. Primary rat osteoblasts 

The isolation of primary rat osteoblasts was performed by other members of the Bone & Joint 

group from 20-day old fetal rat calvariae.  Briefly, calvariae were excised and the frontal and 

parietal bones, free of suture and periosteal tissue, were collected.  Digests were done in a 

shaking water bath at 37°C.  Calvariae were washed in 4mM EDTA/PBS for 15 mins twice, 

sequentially digested using 1% collagenase (wt/vol in PBS) for 7 mins for the first two 

digests, and then 2% collagenase for 30 mins for the second two digests.  The cells from 

digests 3 and 4 were pooled together, passed through a 70μm cell strainer and centrifuged for 

2 mins at 232 x g.  Cells were grown in 10% FBS/DMEM + 5μg/mL AA2P for two days and 

then media were changed to 10%FCS/Minimum Essential Medium (MEM) + 5μg/mL AA2P 

and grown to 100% confluency.  Cells were used on the first passage. 

2.3.6. Primary rat tenocytes and tendon explants 

Primary rat tenocytes were isolated from the tails of sexually mature female Wistar rats.  

Tails were consecutively soaked in 70% ethanol and PBS for 30 seconds and the skin 

removed.  The tail tip was discarded and the remaining tail cut into three pieces.  Tendon 

fascicles were pulled out from the proximal ends, placed in 10%FBS/PBS and chopped 

finely.  Tissue was then incubated at 37°C with constant shaking in collagenase and dispase 

(0.1% wt/vol in 10% FBS/ DMEM/F-12) for up to 5 hrs until all tissue had been digested.  

Cells were passed through a 70μm cell strainer and centrifuged for 5 mins at 636 x g.  Cells 
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were washed twice and then seeded in flasks (approximately 800,000 cells/flask) with 10% 

FBS/DMEM/F-12.  Media were changed after two days and the cells were cultured to 100% 

confluency and either used immediately, or passaged once before use.   

For tendon organ culture, tendon fascicles were cultured in 24-well plates coated with poly-

HEMA to prevent cellular outgrowth.  Fascicles were maintained in 10% FBS/DMEM/F-12 

for two days.  Viability of explants was then determined by culturing with 5% alamarBlue 

(final concentration in well) for 24 hrs.  Conversion of the alamarBlue colour was considered 

to be indicative that explants were viable.  Media were then changed for a further 24 hrs 

before tendon explants were used for experiments.   

2.3.7. Cell lines 

MC3T3-E1 Subclone 4 cells were purchased from the American Tissue Type Collection and 

were maintained in 10%FBS/MEM + 1mM sodium pyruvate (Invitrogen).  Murine bone 

marrow stromal ST2 cells were a kind gift from St Vincent’s Institute (Melbourne, Australia) 

and were maintained in 10%FCS/DMEM.  Human acute monocytic leukaemia THP-1 cells 

were a kind gift from the Department of Molecular Medicine & Pathology at Auckland 

University, and were maintained in 10%FBS/RPMI + 1mM sodium pyruvate.  All cell lines 

were passaged twice weekly.  

2.3.8. Uricase addition to cultures for dissolution of MSU crystals 

In vitro preliminary optimisation experiments using MC3T3-E1 cells demonstrated that MSU 

crystals alone interfered with endpoint values for all viability assays assessed.  In the MTT 

and alamarBlue assays, in the absence of cells, MSU crystals interfered with the endpoint 

absorbance and fluorescence values showing false increases in absorbance and fluorescence, 

and therefore viability.  This effect was entirely prevented by dissolution of the crystals with 

0.5U/mL uricase for 2 hrs (Figure 2-3).  Therefore, for all viability assays using osteoblast-

like cells, uricase was added to cell cultures for the final 2 hrs of MSU crystal incubation and 

also to control wells.  For all other cells and tissues used, uricase concentration and 

incubation times were optimised for each cell and tissue type to ensure total dissolution of 

MSU crystals before viability was assessed.  In functional assays, such as the mineralisation 

assay with MC3T3-E1 cells, and the collagen deposition assay with chondrocytes and 

tenocytes; MSU crystals again interfered with endpoint values showing false increases in 

staining.  For these assays, longer incubation times with higher concentrations of uricase 
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were required to dissolve MSU crystals and prevent false increases in mineralisation and 

collagen deposition respectively (Figure 2-3).  Uricase had no significant effects on endpoint 

values for all assays used.  This was confirmed in every experiment by including a control 

treatment that had no MSU crystals, uricase or any other treatment added to the cells or 

tissue.  For all statistical analysis, uricase was used as the “control” value when determining 

treatment/control ratios, or as the baseline value for evaluating the effect of MSU crystals on 

the desired endpoint in any given experiment.  For all in vitro assays described in Chapter 2 

that used uricase, Table 1 outlines the uricase incubation concentrations and times used for 

each different cell or tissue type.   
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Figure 2-3:  The effect of MSU crystals and uricase on the measurable endpoints of in vitro assays in the 
absence of cells. 
MSU crystals with or without uricase were processed using the (A) MTT assay, (B) alamarBlue assay, (C) 
Mineralisation assay (silver nitrate staining on the left); and (D) the Sirius red assay for collagen deposition 
(Bouin’s solution and Sirius red staining on the left).  MSU crystals caused false increases in absorbance, 
fluorescence and staining; these increases were prevented by dissolution of the crystals with uricase enzyme.  
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Assay Cell/Tissue Type Uricase Incubation 

MTT assay 

MC3T3-E1 

0.5U/mL for the final 2 hrs of 
MSU crystal incubation 

ST2 

Primary rat osteoblasts 

Primary human osteoblasts 

Primary human 
chondrocytes 

Primary rat tenocytes 
1U/mL for the final 2 hrs of 

MSU crystal incubation 

Primary human tenocytes 
1U/mL for the final 3 hrs of 

MSU crystal incubation 

alamarBlue assay 

MC3T3-E1 
0.5U/mL for the final 2 hrs of 

MSU crystal incubation 

Primary human 
chondrocytes 

1U/mL for the final 4 hrs of 
MSU crystal incubation + 18 

Primary rat tenocytes 
1U/mL for the final 2 hrs of 

MSU crystal incubation 

Primary human cartilage 
explants 

2U/mL for the final 4 hrs of 
MSU crystal incubation + 18 

Primary rat tendon explants 
1U/mL for the final 4 hrs of 

MSU crystal incubation 

Flow cytometry 

MC3T3-E1 
0.5U/mL for the final 2 hrs of 

MSU crystal incubation 

Primary human 
chondrocytes 

2U/mL for the final 2 hrs of 
MSU crystal incubation 

Primary rat tenocytes 
1U/mL for the final 2 hrs of 

MSU crystal incubation 

Mineralisation assay MC3T3-E1 0.5U/mL for up to 6 hrs 

Collagen deposition assay 

Primary human 
chondrocytes 

1U/mL for 18 hrs 

Primary rat tenocytes 

Table 1:  Uricase incubation times and concentrations used to dissolve MSU crystals in various in vitro assays 
using different cell and tissue types.  
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2.3.9. Viability assays 

For all in vitro assays that used different cell types and tissues, a table is given outlining the 

different seeding densities and medium used. 

2.3.9.1. MTT assay  

Following trypsinisation, cells were seeded into 24-well plates and grown to semi-confluence 

overnight.  Osteoblast-like cells and primary human chondrocytes were growth arrested in 

0.1% BSA medium for 24 hrs to ensure all cells were synchronised in the G0 phase of the cell 

cycle.  The following day fresh media containing 0.1% BSA and various concentrations of 

MSU crystals were added for 26 hrs.  Human and rat tenocytes were not serum starved and 

fresh media supplemented with 1% FBS and MSU crystals were added for 24 hrs the day 

after seeding.  Cells were then washed twice with media and MSU crystals were dissolved 

with uricase.  Cells were washed again and then incubated in DMEM containing 0.5mg/mL 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Invitrogen) dissolved 

in PBS for 4 hrs at 37°C with constant shaking.  Resulting formazan crystals were dissolved 

with dimethyl sulfoxide and the absorbance read at 570nm using a Synergy 2 multi-detection 

microplate reader (BioTek Instruments Inc., Winooski, VT).  There were six wells in each 

treatment group. 

Cell Type 
Seeding Media 

(supplemented with 5%FBS) 
Seeding Density 

(cells/well) 

MC3T3-E1 αMEM 2.5 x 104 

ST2 DMEM 2.5 x 104 

Primary rat osteoblasts MEM + 5μg/mL AA2P 2.5 x 104 

Primary human osteoblasts DMEM + 10μg/mL AA2P 2.5 x 104 

Primary human chondrocytes DMEM + 20μg/mL AA2P 3.75 x 104 

Primary rat tenocytes DMEM/F-12 2.5 x 104 

Primary human tenocytes DMEM/F-12 2.5 x 104 

Table 2:  Seeding densities and medium used in the MTT assay. 
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2.3.9.2. alamarBlue assay  

MC3T3-E1 cells and primary rat tenocytes were seeded into 24-well plates and cultured with 

MSU crystals as described for the MTT assay.  Primary human chondrocytes were grown as 

non-adherent cultures in poly-HEMA coated 48-well plates and had fresh media and MSU 

crystals added for 24 hrs the day after seeding.  Following dissolution of MSU crystals with 

uricase, fresh media and 5% alamarBlue (final concentration in well) was added for 4 

(MC3T3-E1 cells and tenocytes) or 18 (chondrocytes) hrs at 37°C.  Fluorescence (excitation 

540nm; emission 630) was then read using a Synergy 2 multi-detection microplate reader.  

There were up to six wells in each treatment group.  

To determine the viability of cartilage and tendon explants using the alamarBlue assay, 

explants were cultured with or without MSU crystals for 24 hrs.  Explants were washed with 

media and MSU crystals were dissolved with uricase.  5% alamarBlue (final concentration in 

well) was added for 18 hrs (cartilage) or 3 hrs (tendon) at 37°C.  At the end of this 

incubation, 200μL of the alamarBlue conditioned medium was transferred from each well to 

a 96-well plate and the fluorescence measured as above.  Explant viability was corrected for 

using the total tissue wet weight for each individual explant and there were up to four 

explants in each treatment group. 

Cell/Tissue Type Seeding Media 
Seeding Density 

(cells/well) 

MC3T3-E1 5%FBS/αMEM 2.5 x 104 

Primary human 
chondrocytes 1%FBS/DMEM + 20μg/mL AA2P 30 x 104 

Primary rat tenocytes 5%FBS/DMEM/F-12 2.5 x 104 

Primary cartilage explants 10%FBS/DMEM + 20μg/mL 
AA2P 

1 explant/well 

Primary tendon explants 10%FBS/DMEM/F-12 ~23 mg tissue/well 

Table 3:  Seeding densities and medium used in the alamarBlue assay. 

2.3.9.3. Trypan blue assay  

MC3T3-E1 cells were seeded, growth arrested, cultured with MSU crystals and uricase as 

described for the MTT assay.  At the end of the uricase incubation all cells were collected and 

stained with 1% trypan blue.  The number of blue (dead) and clear (live) cells were then 

counted using light microscopy.  There were up to six wells in each treatment group. 
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2.3.10. Flow cytometry 

Following trypsinisation, cells were seeded into 24-well plates and grown to semi-confluence 

overnight.  The next day fresh media and MSU crystals were added for various time periods.  

Cells were washed, MSU crystals were dissolved, and all cells were collected by 

trypsinisation.  There were six wells in each treatment group and cells from the same 

treatment were pooled together.  Cells were washed twice with cold PBS.  1 x 104 cells were 

resuspended in binding buffer and dark incubated with saturating amounts of fluorecein 

isothiocyanate (FITC)-labelled Annexin V and propidium iodide (PI) staining solution (BD 

Biosciences) for 15 mins.   A control sample of MSU crystals alone was included and 

samples were gated to exclude any residual MSU crystals from the analysis.  All data were 

collected within an hour of staining on a LSRII flow cytometer using FACSDiva software 

(BD Biosciences).    

Cell Type 
Seeding Media 

(supplemented with 5%FBS) 
Seeding Density 

(cells/well) 

MC3T3-E1 αMEM 2 x 105 

Primary human 
chondrocytes DMEM + 20μg/mL AA2P 5 x 104 

Primary rat tenocytes DMEM/F-12 4 x 104 

Table 4:  Seeding densities and medium used in flow cytometry assays. 

2.3.11. Mineralisation assay 

MC3T3-E1 cells were seeded into 6-well plates at 5 x 104 cells/well in 10% FBS/MEM + 

1mM sodium pyruvate.  When cells were confluent (after approximately 4 days), media were 

changed to 15% FBS/αMEM supplemented with 50μg/mL AA2P and 10mM β-

glycerophosphate, and MSU crystals were added.  These supplemented media were changed 

twice weekly and fresh MSU crystals were added.  After 21 days the cells were treated with 

0.5U/mL uricase for up to 6 hrs until all MSU crystals had dissolved, washed with PBS, and 

then fixed in 10% neutral buffered formalin (LabServ, ThermoFisher Scientific, Victoria, 

Australia) overnight.  Mineralised areas were visualised using von Kossa staining which 

consisted of staining cultures with 2.5% silver nitrate for 30 mins at room temperature, 

numerous washes with distilled water, and counter staining with sodium carbonate 

formaldehyde for 2 mins.  The area of mineralisation was quantified using BIOQUANT 
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OSTEO software (BIOQUANT Image Analysis Corp., Nashville, TN).  There were six wells 

in each treatment group. 

2.3.12. Collagen deposition assay 

Following trypsinisation, cells were seeded into 24-well plates.  After 2 days, media were 

changed and 30ng/mL TGF-β was added for 2 hrs to all wells in the chondrocyte cultures to 

stimulate collagen production.  TGF-β has previously been shown to stimulate collagen 

production by chondrocytes [333,334].  Primary rat tenocytes had higher baseline levels of 

collagen production and did not require any additional factors.  Various concentrations of 

MSU crystals were added to all cultures for 3 days.  After dissolution of MSU crystals with 

uricase, cells were washed with PBS twice and fixed using Bouin’s solution (71% saturated 

picric acid, 24% formalin, 5% 0.5M acetic acid) for 1 hr.  Cells were washed numerous times 

with distilled water, air dried and then stained with 0.1% Sirius red dissolved in saturated 

picric acid (wt/vol) for 1 hr.  Cells were washed five times with 0.01M hydrochloric acid and 

left to air dry and Sirius red dye was released with 0.1M sodium hydroxide for 1 hr.  200μL 

was transferred from each well to a 96-well plate and absorbance read at 570nm using a 

Synergy 2 multi-detection microplate reader (BioTek Instruments Inc.).  There were three 

wells in each treatment group. 

Cell Type 
Seeding Media 

(supplemented with 5%FBS) 
Seeding Density 

(cells/well) 

Primary human chondrocytes DMEM + AA2P 20 x 104 

Primary rat tenocytes DMEM/F-12 7.5 x 104 

Table 5:  Seeding densities and medium used in the collagen deposition assay. 

2.3.13. DiI fluorescent microscopy 

MC3T3-E1 cells were seeded into 8-well chamber slides (Lab-Tek, Nalge Nunc 

International, Naperville, IL) at 2 x 104 cells/well in 5% FBS/αMEM.  THP-1 cells were 

seeded at 5 x 104 cells/well in 10% FBS/RPMI + 1mM sodium pyruvate and were pre-

stimulated with 5μM Phorbol 12-myristate 13-acetate (PMA) for 3 hrs.  PMA induces a more 

macrophage-like phenotype in THP-1 cells [335].  The next day cells were incubated with 

1µg/mL 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI; Invitrogen) 

for 30 mins.  DiI is a fluorescent dye which is incorporated into cellular membranes and 

enables visualisation of fibres and particulates that have been phagocytosed by the cell.  



Chapter 2 

47 
 

Following DiI addition, 0.1mg/mL MSU crystals were added for a further 18-24 hrs.  Cells 

were visualised using polarising light and fluorescent microscopy to enable the detection of 

phagocytosed MSU crystals.   

2.3.14. THP-1 cell assay 

 THP-1 cells were seeded into 24-well plates at 1.5 x 106 cells/well in 10%FBS/RPMI + 

1mM sodium pyruvate.  5μM PMA was added to cells for 3 hrs.  The next day, media were 

changed and 0.5mg/mL MSU crystals were added overnight.  Conditioned media were 

collected, centrifuged for 5 mins at 2000rpm, and the supernatants frozen at -20°C.  Release 

of IL-1β and IL-8 protein into the media was measured by ELISA.  There were three wells in 

each treatment group. 

2.4. Molecular biology 

2.4.1. Materials 

The RNeasy Mini Kit and RNase-free DNase Kit were from Qiagen (Valencia, CA).  

Random primers were from Roche (Indianapolis, IN) and chloroform was purchased from 

Sigma-Aldrich.  TRIzol and all other reverse-transcriptase PCR reagents were from 

Invitrogen.  Real-time PCR primer-probe sets, master mix and plates were all purchased from 

Applied Biosystems (Life Technologies Australia Pty Ltd., Mulgrave, Australia). 

2.4.2. RNA extraction 

Total cellular RNA was extracted from MC3T3-E1 cells and primary rat tenocytes using the 

RNeasy Mini Kit according to the manufacturer’s instructions.  Cells were lysed in RLT 

buffer containing β-mercaptoethanol (Sigma-Aldrich) by passing them through a 20g needle 

at least five times.  Genomic DNA was removed by treating all samples with the RNase-free 

DNase kit.  RNA was eluted in 30μL RNase-free water.  RNA from primary human 

chondrocyte cultures was purified using the TRIzol method.  Briefly, cells were lysed with 

1mL TRIzol and mixed with 0.2mL chloroform.  RNA was precipitated with 0.5mL 

isopropanol, washed with 75% ethanol and resuspended in 30μL diethylpyrocarbonate-

treated water (Invitrogen).  All RNA was frozen at -20°C until use.  For each sample, RNA 

quality was tested by visualising 1-2μL RNA on a 1% agarose gel stained with ethidium 
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bromide (Sigma-Aldrich) and RNA concentration was measured using a nanodrop 

spectrophotometer. 

2.4.3. cDNA synthesis 

Reverse transcription was performed using an Eppendorf Mastercycler personal.  

Approximately 1μg RNA from each sample was used to prepare cDNA.  RNA was incubated 

at 65°C for 5 mins with 4μg random primers and nanopure water made up to a volume of 

8μL.  The reaction was then incubated on ice for at least 1 min, before 1 x First Strand buffer, 

10mM DTT, 0.5mM dNTPs, 200 units Superscript III reverse transcriptase and 40 units 

RNase OUT were added to make the total reaction 20μL.  Reactions were incubated at 25°C 

for 5 mins, 50°C for 50 mins, and finally 70°C for 15 mins.  All cDNA was frozen at -20°C 

until used for real-time PCR. 

2.4.4. Real-time PCR 

Real-time PCR was performed using an ABI Prism 7900 (Applied Biosystems).  Reactions 

were performed in a 10μL volume in 384-well plates.  Multiplex PCR was carried out using 1 

x Taqman Universal PCR Master Mix, a FAM-labelled Taqman primer-probeset for the gene 

of interest, and the VIC-labelled 18S rRNA primer-probeset which was included in all 

reactions as an internal control.  The ΔΔCt method was used to quantify mRNA gene 

expression [336].  Target gene expression was normalised to the expression of the 

endogenous control, 18S rRNA.  This corrected for differences in cell number and cDNA 

input between samples.  Target gene expression levels were then calculated relative to the 

zero time point or control sample (no MSU crystals) for that experiment. 

2.5. Protein detection 

2.5.1. ELISA 

The concentration of secreted IL-1β and IL-8 protein into the conditioned media of THP-1 

cells cultured with MSU crystals was determined with the Human IL-1β and Human IL-8 

DuoSet ELISA kits (both from Pharmaco NZ Ltd, Auckland, New Zealand) according to the 

manufacturer’s instructions.  Non-sterile 96-well plates were coated overnight with 100μL of 

either anti-IL-1β or anti-IL-8 polyclonal capture antibody at a concentration of 4μg/mL in 
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PBS.  1% BSA in PBS was used as a blocking solution to prevent any non-specific binding.  

Conditioned media samples were diluted 1:5 (IL-8) or 1:10 (IL-1β) and a standard curve was 

created using recombinant human IL-1β or IL-8 provided in the kits.  100μL of standard or 

sample was then added to wells in duplicate and incubated for 2 hrs.  100μL of 300ng/mL 

biotinylated goat anti-human IL-1β or IL-8 detection antibody was added to each well for 2 

hrs, followed by streptavidin-horseradish peroxidase for 20 mins, and lastly the substrate 

3,3,5,5-Tetramethylbenzidine (TMB; Sigma-Aldrich) for up to 15 mins until a clear colour 

gradient could be visualised in the standard curve wells.  The reaction was stopped with 1M 

H2SO4 and absorbance was measured at 450nm.  All wells were washed with 0.05% tween-

20 (USB Corporation, Cleveland, OH) in PBS between incubations and all incubations were 

at room temperature. 

2.5.2. Glycosaminoglycan assay 

Primary human cartilage explants were cultured as described for the alamarBlue assay, 

except media were not changed before the addition of uricase in order to accurately measure 

changes in levels of glycosaminoglycans (GAGs) in the conditioned medium with MSU 

crystals.  Conditioned media were collected from wells, centrifuged at 380 x g for 5 mins and 

the supernatants frozen at -80°C until use.  The Blyscan Sulfated Glycosaminoglycan Assay 

kit from Biocolor life science assays (Biocolor Ltd; County Antrim, UK) was used to 

determine levels of total sulphated GAG content in conditioned media samples.  A standard 

curve was created using the provided solution containing chondroitin 4-sulfate purified from 

bovine trachea.  100μL of sample or standard was added to 0.5mL of the provided Dye 

Reagent in 1.5mL tubes.  Tubes were rotated continuously overnight and GAGs were 

precipitated forming insoluble GAG-dye complexes.  All tubes were centrifuged for 20 mins 

at 10,000 x g and the supernatant removed.  The GAG-bound dye was recovered by adding 

0.5mL Dissociation Reagent to each tube and mixing.  200μL was transferred to a non-sterile 

96-well plate in duplicates and the absorbance was measured at 550nm.  There were up to 

four explants in each treatment group and differences in GAG concentrations due to 

variations in explant depths were corrected for using the wet tissue weight of each individual 

explant. 
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2.6. Histology 

2.6.1. Joint samples from patients with gout 

Joint samples (two from the first metatarsophalangeal joint and one each from the index 

finger distal interphalangeal joint, the knee and midfoot) were obtained from three patients 

with gout undergoing orthopaedic surgery and from two cadaveric donors with 

microscopically-proven gout.  Samples were fixed in 10% neutral buffered formalin, 

transferred to 70% ethanol and then demineralised at room temperature in 10% formic acid 

for one week prior to paraffin embedding.  Consecutive 4μm sections taken 150μm apart 

were prepared and placed on Superfrost glass slides (Leica Biosystems, Richmond, IL).   

Demineralisation, paraffin embedding and sectioning of samples was carried out by Sharita 

Meharry from the Department of Anatomical Pathology, Laboratory Services at Middlemore 

Hospital, Auckland.   

2.6.2. Primary human cartilage explants  

Cartilage explants were cultured as described for the alamarBlue assay.  MSU crystals were 

added for 24 hrs and explants were then fixed in 10% neutral buffered formalin overnight, 

decalcified in 10% formic acid/5% formaldehyde for 24 hrs, paraffin-embedded, sectioned 

through the saggital plane at 5µm intervals and placed on Superfrost glass slides.  Paraffin 

embedding and sectioning of samples was carried out by Satya Amirapu from the Department 

of Anatomy with Radiology at Auckland University.   

2.6.3. Toluidine blue staining 

Sections were dewaxed for 12 mins in Safsolvent (Ajax Finechem Pty Ltd, Melbourne, 

Australia) and rehydrated by soaking in 100% ethanol twice, followed by 50% ethanol and 

distilled water for 5 mins each.  Once hydrated, sections were briefly left in 5% acetic acid 

and then stained with 1% toluidine blue (BDH, Poole, UK) for 30 mins at room temperature.  

Sections were then dehydrated by briefly soaking in 50%, 70%, 80%, 96% ethanol solutions, 

followed by three 5 min washes in 100% ethanol, and finally two 5 mins washes in xylol.  

Slides were mounted with DPX (BDH) and analysed by light microscopy.   
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2.6.4. Haematoxylin and eosin (H&E) staining 

H&E staining was carried out by Sharita Meharry from the Department of Anatomical 

Pathology, Laboratory Services at Middlemore Hospital, Auckland.  Sections were 

rehydrated using xylol and graded alcohol solutions, then stained consecutively with Harris’s 

Haematoxylin, 1% acid-alcohol, Scott’s Tap water Substitute and finally 1% aqueous eosin.  

Sections were dehydrated with alcohol and xylol, mounted, and analysed by polarising light 

microscopy. 

2.7. Statistical analysis 

Data from the viability assays were analysed using SAS Software (SAS Institute Inc., Cary, 

NC).  Data were pooled from multiple plates and inter-plate variation was corrected for using 

the median control value (no uricase or MSU crystals) from each plate, and treatment to 

control ratios were calculated.  All other data were analysed using GraphPad Prism Software 

(GraphPad Software, San Diego, CA).  Data were analysed using one-way or two-way 

analysis of variance (ANOVA) with post hoc Dunnett’s and Bonferroni’s multiple 

comparison tests in the case of more than two groups; or by Student’s t-test in the case of two 

groups.  Each experiment was repeated at least three times for each assay, using different 

patient samples when human tissue or cells were used.   

For histological analysis of bone samples, the number of osteoblast-like cells and lining cells 

was determined by counting cells on all bone surfaces directly adjacent to tophus in up to 10 

microscopic fields, and the number on bone surfaces unaffected by tophus in 10 microscopic 

fields (40x objective) for each patient.  Only bone surfaces without evidence of adjacent 

cartilage damage or osteophytes were included in the analysis.   Osteoblasts were defined as 

cuboidal shaped cells stained blue sitting on the osteoid seam of bone, and lining cells were 

defined as thin cells sitting on the osteoid seam.  Observations were made by two 

independent scorers, who were blinded to each other’s results and patient data.  Inter-

observer intraclass correlation coefficients were 0.88 (0.83-0.91) for osteoblast scores, 0.77 

(0.70-0.83) for lining cell scores, and 0.91 (0.87-0.93) for osteoblast and lining cells 

combined scores.  For each patient, the combined mean number of cells at each site was used 

for analysis.     
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Cartilage and tendon samples from patients with gout were assessed by a musculoskeletal 

histopathologist, Dr Michael Dray from the Department of Histology at Waikato Hospital, 

Hamilton, and are presented as descriptive data only.  For histological analysis of sections 

from primary human cartilage explants cultured with MSU crystals for 24 hrs, the percentage 

of dead chondrocytes was determined by counting all dead and live cells up to a depth of 

55µm from the articular cartilage surface for each section of cartilage.  Live chondrocytes 

were defined as cells within a lacuna that had an intact nucleus, whilst all empty lacunae and 

cells without an intact nucleus were counted as dead chondrocytes.  Changes in surface 

fibrillation, number of vertical fissures and proteoglycan staining were also assessed.  All 

observations were made by one scorer, who was blinded to patient data and treatment details.  

There were 2-3 explants for each experimental point and up to nine sections were counted for 

each explant.  The mean number of cells for each explant was used for analysis. 
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CHAPTER 3. Role of the osteoblast in the 
development of bone erosion in chronic 
gout 

3.1. Introduction 

Recent observations suggest that the osteoblast may be an important cellular mediator of 

bone erosion in chronic gout.  Our group has previously shown that culture of osteoblast-like 

cells with MSU crystals alters the RANKL/OPG balance to promote osteoclastogenesis and 

bone resorption in vitro [300].  Bouchard et al [309] reported that human osteoblasts 

stimulated with MSU crystals and IL-1 had decreased osteocalcin formation and alkaline 

phosphatase activity, indicating reduced osteoblast differentiation [309].   

The aim of the present study was to understand the effects of MSU crystals on osteoblast 

viability and function.  To do this, osteoblastic cell lines and primary rat and primary human 

osteoblasts were cultured with MSU crystals, and experiments were performed to look at the 

changes in osteoblast survival, osteoblast mineralising ability, and gene expression.  In 

addition, bone samples from patients with chronic gout were analysed for changes in 

osteoblast and lining cell numbers. 
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3.2. Results  

3.2.1. Effects of MSU crystals on osteoblast viability 

MSU crystals reduced osteoblast viability in a dose-dependent manner in the MTT assay, 

with maximal effects observed at the higher concentrations of 0.3mg/mL and 0.5mg/mL 

MSU crystals.  When observed under light microscopy, cells cultured with these higher 

concentrations of MSU crystals appeared unhealthy with fewer cells present, and those cells 

that were alive had a shrunken appearance (Figure 3-1).  The MC3T3-E1 and ST2 osteoblast 

cell lines, primary rat osteoblasts and primary human osteoblasts all showed comparable 

reductions in viability in the MTT assay.  For this reason, MC3T3-E1 cells and primary rat 

osteoblasts were used in subsequent experiments.   

The reduction of osteoblast cell viability following culture with MSU crystals was confirmed 

using alamarBlue (Figure 3-2A) and trypan blue (Figure 3-2B) assays.  The effects on 

osteoblast viability were comparable using different batches of MSU crystals synthesised in 

our laboratory (Figure 3-2C) and from another institution (kind gift of Professor Dorian 

Haskard, Hammersmith Hospital, UK) (Figure 3-2D). 
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Figure 3-1:  MSU crystals reduce osteoblast-like cell viability in a dose-dependent manner. 
Cell viability was assessed using the MTT assay following 26 hrs of culture with MSU crystals in (A) MC3T3-
E1 cells and (B) ST2 cells; (C) primary rat osteoblasts and (D) primary human osteoblasts.  Data shown are 
mean (SEM); one-way ANOVA (P<0.0001) with post hoc Dunnett’s test *p<0.001, **p<0.0001 versus control 
(no MSU crystals).  (E) Photomicrographs showing MC3T3-E1 cell morphology following incubation with 
MSU crystals at indicated concentrations for 26 hrs.  Scale bar indicates 100µm. 
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Figure 3-2:  MSU crystals reduce MC3T3-E1 osteoblast-like cell viability. 
MC3T3-E1 cells were cultured with MSU crystals over a period of 26 hrs and cell viability was assessed using 
the (A) alamarBlue assay and the (B) Trypan Blue assay.  The MTT assay was used to test (C) different batches 
of MSU crystals synthesised in our laboratory and (D) MSU crystals synthesised in another institute.  
alamarBlue and MTT data shown are mean (SEM); one-way ANOVA (P≤0.0001) with post hoc Dunnett’s test 
**p<0.0001 versus control (no treatment).  Trypan blue data shown are mean (SEM); one way-ANOVA (dead 
cells, P<0.0001; alive cells, P=0.0004) with post hoc Dunnett’s test *p<0.05 vs. number of control cells (no 
MSU crystals). 
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3.2.2. Characteristics of the MSU crystal-osteoblast interaction 

MSU crystals rapidly induced cell death in MC3T3-E1 osteoblast-like cells after 2.5 hrs of 

culture (Figure 3-3A).  The effects on osteoblast viability did not alter with different crystal 

lengths (Figure 3-3B) and were not inhibited by the addition of serum (Figure 3-3C).  

MC3T3-E1 cells cultured in standard conditions of 10% FBS throughout the experiment 

showed comparable reductions in viability to cells cultured in lower serum conditions.   

Soluble uric acid did not have major effects on MC3T3-E1 (Figure 3-3D) and primary rat 

osteoblast viability (Figure 3-3E).  A small decrease in viability was seen with 0.5mg/mL uric 

acid in the MC3T3-E1 cells; however the reduction observed (26%) was small when 

compared to the reduction observed with 0.5mg/mL MSU crystals (78%).  
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Figure 3-3:  Characteristics of the osteoblast-MSU crystal interaction. 
(A) MSU crystals rapidly reduced MC3T3-E1 cell viability after 2.5, 3, 3.5 and 4 hrs of treatment.  (B) Effects 
of MSU crystals on MC3T3-E1 cell viability did not alter with different MSU crystal lengths.  Cell viability was 
assessed after 26 hrs of culture with MSU crystals.  The indicated sizes of MSU crystals were obtained by 
sonicating the crystals for 0, 15, 10 and 5 mins, respectively (from left to right).  (C) Inhibition of MC3T3-E1 
cell viability by MSU crystals did not alter with the addition of serum.  Cell viability was assessed after 26 hrs 
of culture with MSU crystals in the presence of serum.  (D-E) Soluble uric acid does not reduce osteoblast-like 
cell viability.  MC3T3-E1 and primary rat osteoblast-like cells were cultured with various concentrations of uric 
acid for 24 hrs before cell viability was assessed.  (A-E) The MTT assay was used to assess cell viability.  Data 
shown are mean (SEM); two-way or one-way ANOVA (MSU crystals: P≤0.0001; uric acid: P<0.05) with post 
hoc Dunnett’s test *p<0.05 versus control (no treatment). 
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3.2.3. Ability of osteoblasts to phagocytose MSU crystals 

The role of crystal phagocytosis in MSU crystal-induced cell death was analysed by adding 

cytochalasin D, an inhibitor of phagocytosis, to cell cultures 15 mins prior to the addition of 

MSU crystals.  This agent did not prevent reduction of MC3T3-E1 cell viability following 

culture with 0.1mg/mL MSU crystals (Figure 3-4A), but did effectively inhibit THP-1 

monocytic cell production of IL-1β in response to MSU crystals at the same concentration 

(Figure 3-4B). 

MC3T3-E1 cells did not show evidence of phagocytosis of 0.1mg/mL MSU crystals after 24 

hrs of culture as determined by polarising and fluorescent microscopy.  However THP-1 cells 

did show evidence of MSU crystal phagocytosis using the same method (Figure 3-5). 
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Figure 3-4:  Effects of cytochalasinD on MSU crystal-induced MC3T3-E1 cell death. 
(A) Inhibition of MC3T3-E1 cell viability by MSU crystals is unaltered by inhibition of phagocytosis using 
cytochalasinD.  0.2μM cytochalasinD was added to cultures of MC3T3-E1 cells 15 mins prior to addition of 
0.1mg/mL MSU crystals for 26 hrs.  The MTT assay was used to assess cell viability.  Data shown are mean 
(SEM); one-way ANOVA (P≤0.0001) with post hoc Dunnett’s test *p<0.05 versus control (no treatment).  (B) 
The effect of 0.2μM cytochalasin D was confirmed in a control assay measuring IL-1β  protein release from 
THP-1 cells cultured with or without cytochalasin D prior to the addition of 0.5mg/mL MSU crystals.   
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Figure 3-5:  MSU crystals are not phagocytosed by MC3T3-E1 osteoblast-like cells but are phagocytosed 
by control THP-1 cells. 
(A) Photomicrographs showing phagocytosis of MSU crystals by THP-1 cells visualised using polarised light 
(top) and fluorescent (bottom) microscopy.  DiI was added to THP-1 cells for 30 mins prior to culture with or 
without 0.1mg/mL MSU crystals for 18 hrs.  Scale bar represents 10µm.  (B) Photomicrographs showing MSU 
crystals in culture wells but not phagocytosed by MC3T3-E1 osteoblast-like cells visualised using polarised 
light (top) and fluorescent (bottom) microscopy.  DiI was added to MC3T3-EI cells for 30 mins prior to culture 
with or without 0.1mg/mL MSU crystals for 24 hrs.  Scale bar represents 40µm.  
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3.2.4. Effects of MSU crystals on osteoblast-like cell apoptosis 
levels 

In flow cytometry assays, there was no change in the percentage of early apoptotic cells (PI 

negative and Annexin V positive) following culture with various concentrations of MSU 

crystals for 26 hrs (Figure 3-6A).  Furthermore, there was no change in the percentage of 

early apoptotic cells following culture with 0.1mg/mL MSU crystals for shorter time periods 

of culture (Figure 3-6B).  However, there was a steady rise in the percentage of dead cells (PI 

positive) and a steady decline in the percentage of live cells (Annexin V negative and PI 

negative) over time with MSU crystal culture, and over 90% of cells were dead (PI positive) 

at the end of the 26 hr incubation (Figure 3-6B).  Representative flow cytometry plots are 

shown in Figure 3-6C. 
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Figure 3-6:  MSU crystals rapidly induce cell death via necrosis in osteoblast-like cells. 
(A) Changes in the percentage of dead (PI positive), live (PI negative, Annexin V negative) and apoptotic 
MC3T3-E1 cells (PI negative, Annexin V positive) are shown following culture with various concentrations of 
MSU crystals for 26 hrs, and (B) 0.1mg/mL MSU crystals over the course of 26 hrs as determined by flow 
cytometry.  (C) Plots showing 20% of gated MC3T3-E1 cells following culture with or without 0.1mg/mL MSU 
crystals for three hrs.  Numbers represent the percentage of cells in each quadrant.  Graphs and plots are 
representative of three separate experiments. 
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3.2.5. Effects of MSU crystals on mineralisation by osteoblast-like 
cells 

In three week mineralisation assays, MSU crystals inhibited the area of mineralised bone 

formed with 0.1mg/mL MSU crystals showing a significant reduction in mineralisation.  

Repeated exposure of the cells to the higher concentrations of MSU crystals (0.3 and 

0.5mg/mL) resulted in an absence of viable cells and mineralisation (Figure 3-7). 
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Figure 3-7:  MSU crystals inhibit bone mineralisation. 
MC3T3-E1 cells were cultured over a period of three weeks with MSU crystals added twice weekly.  (A) 
Representative photomicrographs showing mineralised areas (black) and cells (yellow) with indicated 
concentrations of MSU crystals (mg/mL).  Scale bar indicates 10mm.  (B) Changes in the percentage of 
mineralised area.  Data shown are mean (SEM); one-way ANOVA (P<0.0001) with post hoc Dunnett’s test 
*p<0.001 versus control (no MSU crystals).   
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3.2.6. Effects of MSU crystals on the expression of osteoblastic 
differentiation genes 

Real-time PCR was used to determine changes in the relative gene expression levels of early 

expressed osteoblast transcription factors Runx2 (Runx2) and Osterix (Sp7); as well as 

changes in the gene expression levels of bone sialoprotein (Ibsp), osteocalcin (Bglap), and 

dentin matrix protein 1 (Dmp1), factors usually expressed during later stages of osteoblast 

differentiation that are required for new bone formation; and lastly collagen type 1α1 

(Col1a1).  Differences in cell numbers between samples were corrected for using 18S rRNA.  

The presence of 0.1mg/mL MSU crystals in three week cultures of MC3T3-E1 cells 

significantly reduced the relative mRNA expression of all genes examined at one or more 

time points (Figure 3-8). 
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Figure 3-8:  MSU crystals reduce the relative mRNA expression of osteoblast differentiation genes in 
cultures of MC3T3-E1 cells.   
Changes in the relative mRNA expression levels of the indicated genes following culture with (▲) or without 
(■) 0.1mg/mL MSU crystals.  Data are shown as mean (SD); two-way ANOVA (P≤0.05) with post hoc 
Bonferroni’s test *p<0.05, **p<0.01, ***p<0.001 versus control (no MSU crystals) at that time point. 
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3.2.7. Histological analysis of bone samples from patients with 
tophaceous gout 

In bone samples from patients with gout, the number of osteoblasts, lining cells, and the 

combined number of both cell types present was significantly reduced in bone adjacent to 

tophus compared with bone unaffected by tophus (Figure 3-9A-C).  Bone adjacent to tophus 

frequently had no osteoblasts or lining cells present.  However, osteoclasts were often 

observed at sites adjacent to tophus and bone appeared to be considerably eroded (Figure 

3-9D). 
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Figure 3-9:  Fewer osteoblasts are present on bone directly adjacent to gouty tophus in patients with gout. 
Number of (A) osteoblast cells; (B) lining cells; and (C) osteoblasts and lining cells combined, were quantified 
in human bone from patients with gout, at sites unaffected by or adjacent to gouty tophus.  Data are shown as 
the median number of cells/microscopic field (x40 objective).  P value determined by Student’s paired t-test.  
(D) Representative photomicrographs of paired samples from two separate patients showing toluidine blue 
stained bone unaffected by or adjacent to gouty tophus.  *indicates bone, OB indicates osteoblasts, and OC 
indicates osteoclasts.  Scale bar indicates 50µm. 
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3.3. Discussion 

These data show that MSU crystals have a profound negative effect on osteoblast viability, 

function and differentiation.  The potential clinical relevance of these findings was confirmed 

by analysis of human bone samples affected by gout, demonstrating relative paucity of 

osteoblasts at sites affected by MSU crystal deposition.  These data suggest that bone erosion 

in gout occurs at the tophus-bone interface through alteration of physiological bone turnover, 

with both excessive osteoclast formation, and reduced osteoblast differentiation from 

mesenchymal stem cells. 

The observation that MSU crystals induce osteoblast death differs from a previous study of 

osteoclasts, where culture with MSU crystals did not directly alter the number of osteoclasts 

[300].  MSU crystals have also been shown to enhance macrophage survival [337] and to 

activate dendritic cell membranes through cholesterol interactions and lipid raft movements 

which lead to initiation of the phagocytosis machinery [338].  Our findings in osteoblasts 

have some similarities with previous reports that MSU crystals induce cell death in 

neutrophils [82,339-341].  However, MSU crystal-induced neutrophil death is mediated by 

induction of apoptosis [342]; and can be prevented by addition of serum to the cultures 

[82,340,343], suggesting that MSU crystals cause neutrophil cell death by a “perforation 

from within” mechanism where cell death can be prevented if MSU crystals have been coated 

with proteins and immunoglobulins from serum or synovial fluid before phagocytosis has 

occurred.  Similarly, blocking crystal phagocytosis or lysosome-phagosome fusion reduces 

MSU crystal-induced neutrophil death [344].  In the current study, addition of serum to 

osteoblast cultures failed to block MSU crystal-induced cell death, even when relatively high 

levels of serum were present, suggesting that coating of crystals with proteins does not 

change the effect seen.  Similarly, inhibition of MSU crystal phagocytosis did not alter the 

effects on viability seen in osteoblast-like cells. These results suggest a different mechanism 

of MSU crystal induced osteoblast death, most likely induction of cell necrosis following 

direct contact and subsequent disruption of the osteoblast cell membrane.   

The results of our in vitro studies are supported by analysis of bone samples from patients 

with gout.  It is acknowledged that this sample set is small, consistent with the difficulty of 

obtaining bone samples from patients with gout.  However, this analysis has clearly 

demonstrated a paucity of osteoblasts and lining cells within bone adjacent to the site of MSU 

crystal deposition and the gouty tophus, implicating a lack of functional osteoblasts within 
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the erosive lesion in chronic tophaceous gout.  Of particular interest is the observation that 

this is a localised effect, and that osteoblasts are present in those areas of bone unaffected by 

tophus within the same sample.  This finding may be relevant when considering the 

radiographic appearance of gout, which is characterised by both bone erosion and new bone 

formation.  It is possible that new bone formation might occur at distant sites in the absence 

of MSU crystal deposits.  The mechanisms that contribute to new bone formation in some 

gouty joints remain unclear.   

The findings of this study can be compared with other studies of osteolytic conditions, such 

as wear debris osteolysis.  Consistent with this study of MSU crystals, osteoblast viability, 

differentiation and function are impaired by wear debris particulates [277-280].  Osteoblast-

mediated osteoclastogenesis is also enhanced at the bone-implant interface [270,271].  

However, the effects of wear debris particulates on osteoblasts and their progenitors are 

mostly dependent on phagocytosis, and experiments blocking phagocytosis of wear debris 

particulates show a reduction in their inhibitory effect [278,288].  This is in contrast to our 

findings that osteoblasts do not phagocytose MSU crystals, and that blocking of phagocytosis 

does not alter the inhibition of osteoblast viability by MSU crystals.   

Osteoblastogenesis is also impaired in RA.  Osteoblasts on bone adjacent to inflammation in 

a mouse model of RA have abundant protein and mRNA expression of the early osteoblast 

lineage marker Runx2, but not later markers such as alkaline phosphatase and osteocalcin 

[177].  These results suggest that in RA, osteoblasts are fixed in an early differentiation phase 

and are unable to mature into bone mineralising osteoblasts.  Furthermore, osteoblasts grown 

from bone obtained from patients with RA have reduced replicative ability and telomere 

lengths compared to osteoblasts grown from osteoarthritic bone, suggesting that RA 

osteoblasts reach senescence earlier and undergo cell death earlier [345].   The population of 

mature osteoblasts in RA bone is therefore reduced and as earlier osteoblasts are unable to 

differentiate, there is limited replacement of osteoblast cells able to mineralise bone.  This 

differs to the present study where MSU crystals inhibited mRNA expression of genes related 

to both early and late osteoblast differentiation, implying that there is suppression of 

osteoblast maturation at all stages of osteoblastogenesis in erosive gout.   

The current study is consistent with some of the findings of Bouchard et al, which showed 

reduced osteoblast activity in response to MSU crystals [309].  That study focussed on the 

effects of MSU crystals on osteoblast-like cells in conjunction with IL-1, and in particular the 



Chapter 3 

70 
 

ability of MSU crystals to upregulate inflammatory factors such as COX-2 and IL-6, which in 

turn might have indirect inhibitory effects on bone formation.  The current study has 

expanded these observations to assess the direct effects of MSU crystals on osteoblast 

viability, differentiation and function, and to determine the relevance of these findings in 

bone affected by chronic tophaceous gout.    

3.4. Conclusion 

In summary, this study suggests that MSU crystals contribute to bone erosion in gout not 

only through promotion of osteoclast formation, but also through reduction of osteoblast 

viability, function and differentiation. 
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CHAPTER 4. Role of the chondrocyte in the 
development of cartilage damage in chronic 
gout 

4.1. Introduction 

The close relationship between MSU crystals and articular cartilage is supported by 

histopathological observations of MSU crystals deposited in the superficial layers of articular 

cartilage in gouty joints [297,298] and ultrasonographic studies.  The “double contour” sign 

seen on ultrasonography in patients with gout is believed to be MSU crystals coating the 

articular cartilage [131,133,134]. 

Previous research on the role of articular chondrocytes in gout has concentrated on the 

contribution of these cells to the acute gouty inflammatory response.  Liu-Bryan et al 

[313,346] reported that MSU crystals induce nitric oxide generation and expression of MMP-

3 in articular chondrocytes through TLR-2 signalling and upregulation of NF-κΒ [313,346].  

MSU crystals, in the presence of IL-1β, also stimulate COX-2 mRNA and PGE2 protein 

expression in human chondrocytes [308].  Therefore, following interaction with MSU 

crystals, chondrocytes may contribute to cartilage damage in gout through inflammatory 

mechanisms such as increased production of degradative enzymes and pro-inflammatory 

mediators.   

The aim of the present study was to further investigate the mechanisms of cartilage damage 

in chronic gout through examination of the direct effects of MSU crystals on chondrocyte 

viability and function.  To achieve this, primary human chondrocytes and cartilage explants 

were isolated from patients undergoing orthopaedic surgery and cultured with MSU crystals 

to determine the effects of these crystals on chondrocyte viability, collagen deposition, 

glycosaminoglycan production and gene expression. 
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4.2. Results 

4.2.1. Effects of MSU crystals on chondrocyte viability 

MSU crystals reduced human chondrocyte viability after 24 hrs of culture in a dose-

dependent manner in the alamarBlue assay (Figure 4-1A) and after 26 hrs of culture using the 

MTT assay (Figure 4-1B).  The effects on chondrocyte viability were confirmed using 

different batches of MSU crystals synthesised in our laboratory (Figure 4-1C) and from 

another institution (kind gift of Professor Dorian Haskard, Hammersmith Hospital, UK) 

(Figure 4-1D).   
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Figure 4-1:  MSU crystals reduce chondrocyte viability in a dose-dependent manner. 
Primary human chondrocytes were cultured with MSU crystals and cell viability was assessed after (A) 24 hrs 
using the alamarBlue assay and (B) 26 hrs using the MTT assay.  The alamarBlue assay was used to test 
chondrocyte viability following 24 hrs of culture with (C) different batches of MSU crystals synthesised in our 
laboratory and (D) MSU crystals synthesised in another institute.  Data shown are mean (SEM), one-way 
ANOVA (P<0.0001) with post hoc Dunnett’s test *p<0.01, **p<0.001 versus control (no treatment). 
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4.2.2. Characteristics of the MSU crystal-chondrocyte interaction 

Further characterisation of the MSU crystal-chondrocyte interaction demonstrated that the 

inhibitory effect on viability was specific to the crystalline form of urate, as soluble uric acid 

had no effect on chondrocyte viability (Figure 4-2A).  The effects on chondrocyte viability 

did not alter with different MSU crystal lengths (Figure 4-2B) and were not blocked by the 

addition of increased concentrations of serum to cultures (Figure 4-2C). 
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Figure 4-2:  Characteristics of the MSU crystal-chondrocyte interaction. 
(A) Soluble uric acid does not reduce chondrocyte viability.  (B) Effects of MSU crystals on chondrocyte cell 
viability did not alter with different MSU crystal lengths.  The indicated sizes of MSU crystals were obtained by 
sonicating the crystals for 15, 10 and 5 minutes, respectively (from left to right).  (C) Inhibition of chondrocyte 
cell viability by MSU crystals did not alter with the addition of higher concentrations of serum.  The alamarBlue 
assay was used to assess cell viability following 24 hrs of culture with uric acid or MSU crystals.  Data shown 
are mean (SEM); one-way or two-way ANOVA (MSU crystals, P<0.001; uric acid, P=0.678) with post hoc 
Dunnett’s test *p<0.05 versus control (no treatment). 
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4.2.3. Effects of MSU crystals on chondrocyte cell apoptosis levels 

Flow cytometry assays showed that there was no change in the percentage of early apoptotic 

cells (PI negative and Annexin V positive) following culture of primary human chondrocytes 

with various concentrations of MSU crystals for 24 hrs (Figure 4-3A).  Furthermore, there 

was no change in the percentage of early apoptotic cells following culture with 0.3mg/mL 

MSU crystals for shorter time periods of culture (Figure 4-3B).  However, there was a steady 

rise in the percentage of dead cells (PI positive) and a steady decline in the percentage of live 

cells (Annexin V negative and PI negative) over time with MSU crystals, and over 60% of 

cells were dead (PI positive) at the end of the 24 hr incubation (Figure 4-3B).  Representative 

flow cytometry plots are shown in Figure 4-3C. 
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Figure 4-3:  MSU crystals rapidly induce cell death via necrosis in primary human chondrocytes. 
Flow cytometry was used to determine changes in the percentage of dead (propidium iodide, PI  positive), live 
(PI negative, Annexin V negative) and apoptotic (PI negative, Annexin V positive) chondrocytes following 
culture with (A) various concentrations of MSU crystals for 24 hrs; and (B) 0.3mg/mL MSU crystals over the 
course of 24 hrs.  (C) Flow cytometry plots showing 50% of gated chondrocytes following culture with or 
without 0.3mg/mL MSU crystals for three hrs.  Numbers represent the percentage of cells in each quadrant.  
Graphs and plots are representative of three separate experiments. 
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4.2.4. Effects of MSU crystals on viability of chondrocytes in 
cartilage explants 

In the alamarBlue assay, higher concentrations of MSU crystals (0.3 and 0.5mg/mL) also 

reduced the viability of chondrocytes within human cartilage explants following 24 hrs of 

culture (Figure 4-4A). To confirm these findings, we analysed the histological appearance of 

primary human cartilage explants cultured with MSU crystals.  This analysis demonstrated an 

increase in the percentage of dead cells in the superficial layer of cartilage cultured with 

0.3mg/mL MSU crystals for 24 hrs compared to control cartilage (Figure 4-4B).  There was 

no change in the amount of surface fibrillation (Figure 4-4C) or the number of fissures 

(Figure 4-4D), and proteoglycan staining was not depleted compared to control (Figure 

4-4E). 
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Figure 4-4:  MSU crystals reduce the viability of primary human chondrocytes within their extracellular 
matrix. 
(A) The alamarBlue assay was used to assess the viability of primary human cartilage explants following culture 
with MSU crystals for 24 hrs.   Viability was corrected for using the wet weight of each explant.  (B) Primary 
human cartilage explants were cultured with MSU crystals for 24 hrs and the number of live and dead cells in 
the articular superficial layer were counted following staining with toluidine blue.  The percentage of dead cells 
with increasing concentrations of MSU crystals was calculated.  Data shown are mean (SEM), one-way 
ANOVA (A, P=0.0002; B, P=0.02) with post hoc Dunnett’s test *p<0.05 versus control (no MSU crystals).  (C) 
Surface fibrillation and (D) the number of fissures in cartilage cultured with MSU crystals for 24 hrs were not 
significantly different from the control.  Data shown are mean (SD), one-way ANOVA (C, P=0.2973; D, 
P=0.3739).  (E) Representative photomicrographs of toluidine blue stained cartilage cultured with or without 
0.3mg/mL MSU crystals for 24 hrs.  Arrows indicate empty lacunae.  Scale bar represents 100µm. 
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4.2.5. Effects of MSU crystals on the expression of chondrocytic 
genes 

Real-time PCR was used to determine changes in the relative mRNA expression levels of 

various chondrocytic genes.  Primary human chondrocytes cultured with 0.1, 0.3 and 

0.5mg/mL MSU crystals for 16 hrs had significantly decreased expression of collagens type 

1α1 (Col1α1), type 2α1 (Col2α1), and type 11α1 (Col11α1); and matrix proteins aggrecan 

(Acan) and versican (Vcan) (Figure 4-5).  Increased expression of degradative enzymes 

ADAMTS4 (Adamts4) and ADAMTS5 (Adamts5) was also observed following culture with 

MSU crystals for 16 hrs (Figure 4-5). 
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Figure 4-5:  MSU crystals decrease relative mRNA expression levels of collagens and matrix proteins, and 
increase the expression of degradative enzymes by primary human chondrocytes. 
Real-time PCR was used to determine changes in the relative mRNA expression levels of the indicated genes 
following culture with MSU crystals for 16 hrs.  Data are shown as mean (SEM), one-way ANOVA (P<0.05) 
with post hoc Bonferroni’s test *p<0.05 versus control (no MSU crystals). 
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4.2.6. Effects of MSU crystals on collagen deposition by 
chondrocytes 

Sirius red staining for collagen demonstrated reduced collagen deposition by primary human 

chondrocytes following culture with 0.3 and 0.5mg/mL MSU crystals for three days (Figure 

4-6). 
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Figure 4-6:  MSU crystals reduce collagen deposition by primary human chondrocytes. 
Sirius red staining for collagen was used to determine changes in collagen deposition following treatment with 
MSU crystals for three days.  Data shown are mean (SEM), one-way ANOVA (P<0.0001) with post hoc 
Dunnett’s test *p<0.05 versus control (no MSU crystals).  
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4.2.7. Effects of MSU crystals on glycosaminoglycan release from 
cartilage  

Primary human cartilage explants were cultured with MSU crystals for 24 hrs and the 

concentration of GAGs released into the conditioned media was measured.  To correct for 

differences in the thickness of individual cartilage explants, GAG concentrations were 

divided by the wet tissue weight of each individual explant.  MSU crystals had no effect on 

GAG release from human cartilage cultured with MSU crystals for 24 hrs (Figure 4-7).   
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Figure 4-7:  MSU crystals do not affect glycosaminoglycan release from primary human cartilage 
explants. 
Changes in GAG release into the conditioned medium from cultures of primary human cartilage explants was 
determined following 24 hrs of culture with MSU crystals.  GAG levels were corrected for using the wet weight 
of each individual explant.  Data shown are mean (SEM), one-way ANOVA (P=0.82). 
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4.2.8. Effects of interleukin-1β on MSU crystal-chondrocyte 
interactions 

Previous research has demonstrated the central role of IL-1β in the initiation of gouty 

inflammation [87,88].  IL-1β is expressed in the tophus [106] and it has been suggested that 

this cytokine may also contribute to joint damage in chronic gout [347].  Therefore, we 

examined the role of IL-1β on MSU crystal-chondrocyte interactions.  Real-time PCR 

showed that IL-1β mRNA was not expressed by chondrocytes cultured with MSU crystals.  

The addition of exogenous 10ng/mL IL-1β for 8 hrs prior to the addition of MSU crystals for 

16 hrs to primary human chondrocytes showed similar changes in gene expression to 

chondrocytes cultured without IL-1β, with the exception of aggrecan which did not change in 

response to MSU crystals when IL-1β was added to cultures (Figure 4-8A-G).  The addition 

of 0.2ng/mL IL-1Ra, an inhibitor of IL-1β signalling, did not inhibit the reduction in viability 

of primary human chondrocytes cultured with MSU crystals for 24 hrs (Figure 4-8H). 
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Figure 4-8:  The effect of MSU crystals on chondrocyte viability and gene expression is not mediated 
through interleukin-1β. 
(A-G): Real-time PCR was used to determine changes in the relative mRNA expression levels of the indicated 
genes following culture with 10ng/mL IL-1β for 8 hrs followed by MSU crystals for 16 hrs.  Data are shown as 
mean (SEM), one-way ANOVA (P<0.05) with post hoc Bonferroni’s test *p<0.05 versus control (no MSU 
crystals).  (H) The alamarBlue assay was used to assess the viability of primary human chondrocytes following 
culture with MSU crystals for 24 hrs.  0.2ng/mL IL-1Ra was added to cultures 30 mins prior to the addition of 
0.3mg/mL MSU crystals.  Data shown are mean (SEM), one-way ANOVA (P<0.0001) with post hoc 
Bonferroni’s test *p<0.001 versus control (no MSU crystals).  NS represents no statistical difference. 
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4.2.9. Histological observations of cartilage samples from patients 
with chronic gout 

The potential clinical relevance of the chondrocyte and cartilage explant assay results 

described above was further explored through examination of cartilage in joints affected by 

chronic gout.  In these joints, cartilage adjacent to MSU crystals was highly disordered with a 

loss of normal hyaline cartilage architecture, surface discontinuity and empty chondrocyte 

lacunae.  In particular, in joints with extensive tophi, only small residual pieces of degenerate 

cartilage almost entirely surrounded by MSU crystals were observed, with few or no live 

chondrocytes within lacunae.  Variable proteoglycan staining was observed in cartilage 

adjacent to tophus (Figure 4-9). 
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Figure 4-9:  Cartilage adjacent to MSU crystals is highly disordered in patients with gout. 
Photomicrographs showing a cartilage fragment with empty lacunae surrounded by MSU crystals in the distal 
interphalangeal joint of a cadaveric donor with chronic gout.  Haematoxylin and eosin stained samples were 
viewed using (A) light microscopy and (B) with a polarising filter and red compensator.  (C) Toluidine blue 
stained samples were viewed using light microscopy.  Scale bar indicates 150µm (A-B) and 100µm (C). 
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4.3. Discussion 

This study shows that MSU crystals interact with human chondrocytes to alter chondrocyte 

viability and function.  The viability findings using isolated chondrocytes were confirmed in 

ex vivo cartilage explants, demonstrating that MSU crystals can influence chondrocytes 

within their ECM.  The gene expression data suggests that there is an imbalance between the 

formation of new matrix components and increased activity of degradative enzymes in 

chondrocytes exposed to MSU crystals, leading to a compromised cartilage matrix.  This 

imbalance, in conjunction with a reduction in chondrocyte viability and overall function, may 

limit the ability of cartilage to effectively repair itself once damaged. 

These results are consistent with the previous work which showed MSU crystals reduce 

osteoblast viability, function and differentiation.  As with osteoblasts, the addition of high 

levels of serum to chondrocyte cultures, and differing MSU crystal lengths, did not alter the 

effects of MSU crystals on chondrocyte viability.  In addition, levels of apoptosis in 

chondrocytes did not change with MSU crystals suggesting a different mechanism of cell 

death in stromal cells of the joint that come into contact with MSU crystals compared to cells 

of the immune system, such as neutrophils where MSU crystals cause apoptosis [342].  The 

effects of MSU crystals on chondrocyte viability were rapid, further suggesting a necrotic 

mechanism of cell death, most likely membranolysis following interaction of the crystal with 

the cell membrane.  

Previous histological descriptions of gout have also reported chondrocyte death within the 

cartilage of joints affected by gout [348], as was observed in our study.  It has been suggested 

that the chondrocyte death observed histologically is unlikely to be related to mechanical 

pressure or direct urate toxicity, but instead may be due to impaired cell nutrition as the 

coating of MSU crystals on the cartilage surface hinders the diffusion of nutrients through the 

matrix [348].  A lack of nutrients may help explain the chondrocyte cell death observed in the 

superficial layer in our histological analysis of cartilage explants cultured with MSU crystals.  

However, we also observed cell death directly when MSU crystals were added to isolated 

chondrocytes.  We have demonstrated that soluble urate does not affect chondrocyte viability 

using the same concentrations as those used in the MSU crystal viability experiments, 

supporting the notion that the physical interaction between MSU crystals and chondrocytes is 

important.  
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IL-1β has been shown to be important in transducing the effects of MSU crystals in immune 

cells and the subsequent inflammatory response [87,88].  In the present study, blockade of 

IL-1 did not alter the effect of MSU crystals on chondrocyte viability or the changes in 

mRNA expression of chondrocytic genes.  Therefore, the reduction in chondrocyte viability 

and function with MSU crystals is unlikely to be mediated by IL-1β.       

Our gene expression data suggest that MSU crystals reduce anabolic function and promote a 

catabolic state in chondrocytes.  Importantly, the gene expression assays corrected for 

differences in cell number between samples through normalisation to an endogenous control.  

Therefore, loss of cell viability does not explain the reduction in matrix protein gene 

expression.  The reduction in collagen deposition using the Sirius red assay is consistent with 

the gene expression data, although it should be noted that collagen deposition may have been 

reduced by both inhibition of protein expression and loss of cell viability, as cell number 

cannot be determined as part of this assay.  

Although there was no change in the level of GAGs released into the conditioned medium 

from cartilage explants cultured with MSU crystals nor any change in proteoglycan staining 

in the same explants, we did observe variable proteoglycan staining in cartilage from patients 

with chronic gout.  In addition, we also saw a decrease in the mRNA gene expression levels 

of aggrecan and versican, two of the main proteoglycans present within cartilage matrix, as 

well as an increase in the expression of the ADAMTS aggrecanases.  These inconsistencies 

may be due to the fact that our gene expression data was collected using isolated 

chondrocytes which are in direct contact with MSU crystals and likely to be more vulnerable 

to changes in viability and function.  In our analysis of cartilage explants cultured with MSU 

crystals, cell death was mainly observed in the superficial layer of cartilage suggesting that 

chondrocytes which are embedded deeper within the cartilage matrix are less susceptable to 

MSU crystals.  These results also suggest that MSU crystals are not directly altering the 

cartilage matrix itself, but as the cartilage is degraded by catabolic enzymes produced by 

chondrocytes in the superficial layer of cartilage that is in contact with the tophus, and indeed 

immune cells in the tophus itself, MSU crystals are able to penetrate deeper into the cartilage 

and inhibit the viability and function of more chondrocytes, which then further amplifies 

cartilage degeneration.  

A potential limitation in this study was that the human chondrocytes and cartilage used for 

experiments were taken from osteoarthritic joints.  However, this model may be particularly 
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relevant in the study of gout, noting the growing evidence to suggest a link between OA and 

the deposition of MSU crystals.  Joints affected by gout are more likely to be affected by OA 

[321].  A number of explanations have been suggested for why MSU crystals preferentially 

deposit in OA cartilage [311], including the presence of nucleating factors such as 

chondroitin sulphate [64,65,323], and increased chondrocyte cell death in late stage 

osteoarthritic cartilage [349] which leads to locally elevated concentrations of uric acid in the 

joint from the degradation of nucleic acids [350].  Our data suggest that, once present in 

osteoarthritic joints, MSU crystals further promote chondrocyte death and degradation of the 

cartilage matrix, possibly through increased activity of degradative enzymes which play a 

role in both arthropathies.  ADAMTS4 and ADAMTS5 aggrecanases are highly expressed in 

osteoarthritic cartilage [351,352] and have been shown to be important for driving cartilage 

damage in osteoarthritic joints [353,354].  Our results also demonstrated increased gene 

expression of ADAMTS4 and ADAMTS5 by chondrocytes cultured with MSU crystals 

implying some shared mechanisms of joint damage between OA and gout. 

4.4. Conclusion 

In summary, this study demonstrates that MSU crystals contribute to cartilage damage in gout 

through a reduction in chondrocyte viability and function, and increased catabolic activity 

within cartilage.  Our data suggest that deposition of MSU crystals onto articular cartilage is 

likely to have important consequences for progressive joint disease in patients with gout.  
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CHAPTER 5. Role of the tenocyte in chronic 
gout; implications for periarticular 
involvement 

5.1. Introduction 

Advanced imaging studies have demonstrated that urate deposition in periarticular structures 

is common in gout.  US, MRI and CT have shown that MSU crystals and tophaceous material 

is present within and around tendons and near the enthesis [124,135,138].  Cases of ruptured 

tendons in the presence of MSU crystals or tophus have been reported [326,327] and tophus 

infiltration into tendons has also been observed during surgery [328-330].  To date, no 

research has examined the effects of MSU crystals on tenocytes, the main cell type found in 

tendons.  The aim of the present study was to investigate the effects of MSU crystals on 

tenocyte viability and function; with the goal of understanding the mechanism of tendon 

damage in gout. 

For this study, primary tenocytes were isolated from the tails of Wistar rats and from patients 

undergoing orthopaedic surgery and cultured in vitro.  Viability and functional assays were 

performed to determine changes in tenocytes in response to MSU crystals.  Joint samples 

from patients with chronic gout were analysed histologically to characterise tendon 

involvement. 
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5.2. Results 

5.2.1. Effects of MSU crystals on primary rat tenocyte viability 

MSU crystals reduced primary rat tenocyte viability after 24 hrs of culture in a dose-

dependent manner in the alamarBlue assay (Figure 5-1A) and the MTT assay (Figure 5-1B).  

The effects on tenocyte viability were confirmed using different batches of MSU crystals 

synthesised in our laboratory (Figure 5-1C) and from another institution (kind gift of 

Professor Dorian Haskard, Hammersmith Hospital, UK) (Figure 5-1D) in the MTT assay. 
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Figure 5-1:  MSU crystals reduce tenocyte viability in a dose-dependent manner. 
Primary rat tenocytes were cultured with MSU crystals and cell viability was assessed after 24 hrs using the (A) 
alamarBlue assay and (B) MTT assay.  The MTT assay was used to test tenocyte viability following 24 hrs of 
culture with (C) different batches of MSU crystals synthesised in our laboratory and (D) MSU crystals 
synthesised in another institute. Data shown are mean (SEM), one-way ANOVA (P<0.0001) with post hoc 
Dunnett’s test *p<0.05 versus control (no treatment).  
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5.2.2. Effects of MSU crystals on primary human tenocyte 
viability 

To confirm the viability effects in human cells, primary human tenocytes were isolated from 

the supraspinatus tendon obtained from three individual patients undergoing orthopaedic 

surgery.  MSU crystals reduced the viability of primary human tenocytes in a dose-dependent 

manner following 24 hrs of culture (Figure 5-2). 
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Figure 5-2:  MSU crystals reduce primary human tenocyte viability in a dose-dependent manner. 
Primary human tenocytes were cultured with MSU crystals and cell viability was assessed after 24 hrs using the 
the MTT assay.  Data shown are mean (SEM), one-way ANOVA (P<0.0001) with post hoc Dunnett’s test 
*p<0.001 versus control (no treatment). 
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5.2.3. Characteristics of the MSU crystal-tenocyte interaction 

Using primary rat tenocytes, further study of the MSU crystal-tenocyte interaction 

demonstrated that the inhibitory effect on viability was specific to the crystalline form of 

urate, as soluble uric acid did not reduce tenocyte viability.  A slight increase in viability was 

seen with the higher concentrations of uric acid, 0.3 and 0.5mg/mL (Figure 5-3A).  In 

addition, the effects on tenocyte viability were not altered with different MSU crystal lengths 

(Figure 5-3B) and were not blocked by increased serum concentrations in cultures (Figure 

5-3C). 
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Figure 5-3:  Characteristics of the MSU crystal-tenocyte interaction. 
(A) Soluble uric acid does not reduce primary rat tenocyte cell viability. (B) Effects of MSU crystals on primary 
rat tenocyte cell viability did not alter with different MSU crystal lengths.   The indicated sizes of MSU crystals 
were obtained by sonicating the crystals for 15, 10, 5 and 0 mins, respectively (from left to right). (C) Inhibition 
of primary rat tenocyte cell viability by MSU crystals did not alter with the addition of increased serum 
concentrations.  The MTT assay was used to measure cell viability after 24 hrs of treatment.  Data shown are 
mean (SEM); one-way or two-way ANOVA (P<0.0001) with post hoc Dunnett’s test * p<0.001 versus control 
(no treatment). 
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5.2.4. Effects of MSU crystals on tenocyte apoptosis levels 

In flow cytometry assays, there was no change in the percentage of early apoptotic cells (PI 

negative and Annexin V positive) following culture with various concentrations of MSU 

crystals for 24 hrs (Figure 5-4A).  Although there was relatively little change in cell viability 

at the lower concentrations of MSU crystals, there was an increase in the percentage of dead 

cells (PI positive) and a decrease in the percentage of live cells (Annexin V negative and PI 

negative) from 0.1mg/mL to 0.5mg/mL MSU crystals and nearly all cells were dead after 24 

hrs of culture with 0.5mg/mL MSU crystals (Figure 5-4A).  When examined over shorter 

time periods, cell death occurred quickly and the number of living cells (Annexin V negative 

and PI negative) was considerably reduced following culture with 0.3mg/mL MSU crystals 

for just 3 hrs (Figure 5-4B).  There was no change in the number of early apoptotic cells (PI 

negative and Annexin V positive) following culture of primary rat tenocytes with 0.3mg/mL 

MSU crystals for shorter time periods of culture (Figure 5-4B).  Representative flow 

cytometry plots are shown in Figure 5-4C. 
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Figure 5-4:  MSU crystals rapidly induce cell death via necrosis in primary rat tenocytes. 
Flow cytometry was used to determine changes in the percentage or number of dead (propidium iodide, PI  
positive), live (PI negative, Annexin V negative) and apoptotic (PI negative, Annexin V positive) primary rat  
tenocytes following culture with various concentrations of MSU crystals for 24 hrs (A); and 0.3mg/mL MSU 
crystals over the course of 24 hrs (B).  (C) Flow cytometry plots showing 100% of gated tenocytes following 
culture with or without 0.3mg/mL MSU crystals for three hrs.  Numbers represent the percentage of cells in 
each quadrant.  Graphs and plots are representative of three separate experiments. 
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5.2.5. Effects of MSU crystals on the expression of tenocyte-
related genes 

Real-time PCR was used to determine changes in the relative mRNA expression levels of 

tendon matrix proteins tenomodulin (Tnmd), tenascin C (TnC) and aggrecan (Acan); the early 

tenocyte transcription factor scleraxis (Scx); and collagens type 1α1 (Col1α1) and type 3α1 

(Col3α1) in primary rat tenocytes after 24 hrs of culture with MSU crystals.  The expression 

levels of the following enzymes was also determined, ADAMTS4 (Adamts4), MMP-3 

(Mmp3) and COX-2 (Ptgs2).   MSU crystals reduced the mRNA expression levels of all 

genes in a dose-dependent manner (Figure 5-5).  Differences in cell numbers between 

samples were corrected for using 18S rRNA. 

Tenomodulin

0 0.03 0.1
0.0

0.5

1.0

*

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

Scleraxis

0 0.03 0.1
0.0

0.5

1.0

**

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

Tenascin-C

0 0.03 0.1
0.0

0.5

1.0

***

***

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

Aggrecan

0 0.03 0.1
0.0

0.5

1.0

**
**

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

Collagen type 1α1

0 0.03 0.1
0.0

0.5

1.0

**

**

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

Collagen type 3α1

0 0.03 0.1
0.0

0.5

1.0

***

***

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

ADAMTS4

0 0.03 0.1
0.0

0.5

1.0

***

***

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

MMP-3 (stromelysin-1)

0 0.03 0.1
0.0

0.5

1.0

***
***

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

Cyclooxygenase-2

0 0.03 0.1
0.0

0.5

1.0

***

***

MSU crystals (mg/mL)

R
el

at
iv

e 
E

xp
re

ss
io

n

 
Figure 5-5:  MSU crystals alter mRNA gene expression by primary rat tenocytes. 
Real-time PCR was used to determine changes in the relative mRNA expression levels of the indicated genes 
following culture with MSU crystals for 24 hrs.  Data are shown as mean (SEM), one-way ANOVA (P<0.05) 
with post hoc Bonferroni’s test *p<0.05, **p<0.01 and ***p<0.001  versus control (no MSU crystals). 
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5.2.6. Effects of MSU crystals on collagen deposition by tenocytes 

Sirius red staining for collagen demonstrated reduced collagen deposition by primary rat 

tenocytes following culture with 0.3 and 0.5mg/mL MSU crystals for three days (Figure 5-6). 
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Figure 5-6:  MSU crystals reduce collagen deposition by primary rat tenocytes. 
Sirius red staining for collagen was used to determine changes in collagen deposition following culture with 
MSU crystals for three days.  Data shown are mean (SEM), one-way ANOVA (P<0.0001) with post hoc 
Dunnett’s test *p<0.001 versus control (no MSU crystals). 
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5.2.7. Effects of MSU crystals on viability of tenocytes in tendon 
explants 

In the alamarBlue assay, MSU crystals did not affect the viability of primary rat tendon 

explants following 24, 48 and 72 hrs of culture (Figure 5-7A-C).  However, the addition of 

ethanol for 2 hrs effectively reduced explant viability, even at very low concentrations 

(Figure 5-7D). 
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Figure 5-7:  MSU crystals do not reduce primary rat tenocyte viability in tendon explants. 
Primary rat tendon explants were cultured with MSU crystals for (A) 24, (B) 48, and (C) 72 hrs; and (D) with 
various concentrations of ethanol for two hrs.  Viability was assessed using the alamarBlue assay and was 
corrected for using the wet weight of the total explant tissue in each well.  Data shown are mean (SEM); one-
way ANOVA (A-C, P value shown on graph; D, P<0.0001) with post hoc Dunnett’s test * p<0.001 versus 
control (no treatment).  
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5.2.8. Histological observations of tendon samples from patients 
with chronic gout   

To determine whether MSU crystals are in direct contact with tenocytes, joint samples from 

patients with chronic gout were stained with H&E or eosin alone and tendon involvement in 

these samples was analysed.  MSU crystals and tophaceous material were observed within 

tendons, invading into tendon and at the tendon-bone insertion site (Figure 5-8).  A rim of 

inflammatory cells surrounding MSU crystals could also be seen adjacent to and in contact 

with the tendon.  With regards to the tendon structure, collagen fibrils were frequently 

disorganised and disrupted, particularly when MSU crystals were present within the tendon 

itself. 

  



Chapter 5 

99 
 

 
 
      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-8:  Tendon involvement in joint samples from patients with chronic gout. 
Photomicrographs of joint samples viewed by light microscopy showing (A) tophi within the index finger 
extensor tendon (top: H&E; middle: eosin only with a polarising filter; bottom: H&E with a polarising filter and 
red compensator); (B) MSU crystals adjacent to and invading the tendon (H&E); and (C) tophaceous material at 
the enthesis (H&E) in the distal interphalangeal joint .  *indicates MSU crystals.  Scale bar indicates 150µm. 

 

MSU crystals within the tendon 

MSU crystals at the enthesis 

A 

B

C

 

 

 

 

 

* 

* 

* 

Bone 

* 

* * 

Tendon 

Tendon 

Tendon 

MSU crystals invading tendon 



Chapter 5 

100 
 

5.3. Discussion 

These results show that MSU crystals have important inhibitory effects on tenocyte viability, 

gene expression and collagen production in vitro.  Using histological samples from patients 

with chronic gout we have demonstrated the presence of MSU crystals within and invading 

into tendons, and at the enthesis, consistent with the findings of advanced imaging studies.  

Therefore, MSU crystals are likely to have direct effects on tendon.  Similar to our previous 

results, the mechanism of tenocyte cell death is more likely to be necrosis following 

interaction of the cell membrane with MSU crystals, as levels of apoptosis were unchanged 

following culture of tenocytes with MSU crystals for both long and short periods of time.  

Interestingly, the effects of MSU crystals on isolated tenocyte viability seemed to be much 

faster than the effects on osteoblast and chondrocyte viability as there were very few cells 

(dead or alive) remaining after just three hours of culture with 0.3mg/mL MSU crystals.  This 

again suggests cell lysis as the main mechanism of MSU crystal-induced cell death in 

tenocytes.   

Although our in vitro data showed that the viability and function of isolated tenocytes was 

reduced by MSU crystals, MSU crystals had no effect on the viability of tenocytes in ex vivo 

tendon explants, even after relatively long periods of culture.  The suitability of this assay 

was confirmed by culturing the same tendon explants with increasing concentrations of 

ethanol which resulted in tissue fixation and reduced conversion of the alamarBlue reagent to 

its measurable endpoint by viable cells.  The most likely reason that viability of tendon 

explants was unaffected by culture with MSU crystals, is that the crystals alone are unable to 

penetrate the tendon sheath that surrounds individual tendon fascicles.  These results suggest 

that the inhibitory effects of MSU crystals on tenocytes are dependent on the site of MSU 

crystal deposition and direct contact with cells is needed. 

Tendon rupture in chronic gout is not as clinically apparent as cartilage damage or bone 

erosion in joints from these patients, suggesting that any changes occuring to tendons in the 

gouty joint is a much slower process.  Our gene expression data showed that in addition to 

reduced mRNA expression of tendon collagens and matrix proteins, the expression of 

catabolic enzymes such as MMP-3 and ADAMTS4 was also downregulated in tenocytes 

following culture with MSU crystals.  These results imply that tendon tissue damage in gout 

may be more of a passive process rather than active destruction which occurs in cartilage and 

bone.  The active damage that occurs to tendons in the gouty joint is more likely due to 
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physical disruption of the collagen fibrils and tendon structure by the presence of MSU 

crystals within tendons which would impair tendon function.  In our histological analysis of 

joint samples from patients with gout we did note that tendon structure was often 

disorganised and tophus within the tendon caused the most disruption to the overall 

architecture of collagen fibrils.  Disruption of these fibrils and the tendon structure would 

likely impair overall tendon function, and limit the ability of the tendon to repair itself as 

changes in the arrangement of collagen fibres is important for tendon healing [355].  We also 

observed a rim of inflammatory cells surrounding MSU crystals adjacent to tendon tissue.  

These cells may promote tendon degradation through the production of catabolic factors and 

enzymes such as MMPs [304] which would break down the tendon matrix.  Once the tophus 

has invaded the tendon sheath, MSU crystals are in direct contact with tenocytes, and as 

tenocyte viability is inhibited and the production of collagens and matrix proteins is reduced, 

the tendon has a limited ability to repair itself once damaged, which may eventually lead to 

tendon rupture.  

5.4. Conclusion 

These data indicate that following tophus infiltration into the tendon, MSU crystals directly 

interact with tenocytes to reduce cell viability and function.  MSU crystals are present within 

tendon, adjacent to and invading tendon, and at the enthesis in joint samples from patients 

with gout.  Interactions between MSU crystals and tenocytes may contribute to tendon 

damage in patients with chronic gout. 

 

 



Chapter 6 

102 
 

CHAPTER 6. General discussion and 
conclusions 

6.1. Discussion 

Bone and cartilage damage are significant consequences of tophaceous gout and have a large 

impact on  the lives of patients with chronic gout.  Severe gout and the presence of tophi are 

associated with poor health-related quality of life [356] and as more joints become involved 

and tophus size increases, disability also increases and joint function is further impaired 

[108].  Furthermore, the periarticular involvement of tendons in gout is more common than 

previously thought and may also contribute towards reduced joint mobility and disability in 

these patients.  Understanding the mechanisms responsible for the development of joint 

damage in chronic gout is of great importance to help identify potential pathways and targets 

that may be used to develop  therapies which may limit the progression of joint damage, and 

potentially promote  repair of the joint.  

Our investigation into the effects of MSU crystals on osteoblasts has helped the 

understanding of how bone remodelling is altered in chronic gout.  MSU crystals 

significantly reduce the viability, differentiation and function of osteoblast cells, which would 

lead to reduced mineralisation and bone formation in joints affected by MSU crystal 

deposition.  These results are supported by our histological findings in bone samples from 

patients with gout which showed a paucity of osteoblasts at sites adjacent to tophaceous 

material.  These sites were more typically populated by osteoclasts and inflammatory cells, 

including giant cells, and showed marked signs of erosion.   

Our study of the interactions between chondrocytes and MSU crystals demonstrated that 

chondrocytes are likely to be active participants in the degradation of cartilage in gouty 

joints.  Chondrocytes cultured with MSU crystals had increased expression of degradative 

aggrecanases which are able to break down cartilage matrix proteins.  Chondrocytes exposed 

to MSU crystals also had reduced viability and function, including reduced expression of 

collagens and matrix proteoglycans, suggesting that the ability of chondrocytes to produce 

new cartilage matrix is limited in joints affected by MSU crystal deposition.  Chondrocyte 

cell death was also observed in the superficial layer of cartilage explants cultured with MSU 
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crystals showing that MSU crystals are able to affect the viability of chondrocytes embedded 

within the extracellular matrix.  

The final aim of this project was to study the effects of MSU crystals on tenocyte viability 

and function.  Similar to the osteoblast and chondrocyte studies, MSU crystals reduced the 

viability of tenocytes in vitro.  We observed reduced gene expression of tendon matrix 

proteins and collagens and other tendon-related genes;  tenocytic production of collagen 

protein was also impaired.  However, unlike chondrocytes, tenocytes cultured with MSU 

crystals had reduced expression of matrix degrading enzymes suggesting that tenocytes do 

not actively degrade their extracellular matrix.  Tendon explants cultured with MSU crystals 

did not show changes in viability implying that MSU crystals need to be in direct contact 

with tenocytes to induce cell death. 

Based on current available imaging and laboratory data, a model of bone, cartilage and 

tendon damage in chronic gout can be developed (Figure 6-1).  In this model, MSU crystals 

preferentially form and deposit on the cartilage of susceptible joints, such as those with 

osteoarthritis [321].  The local tissue response to these crystals leads to tophus formation, 

with activation of both innate and adaptive immune responses.  MSU crystals interact directly 

and indirectly with cells of the joint, including chondrocytes, monocytes/macrophages, 

osteoblasts and osteoclasts, to produce a number of pro-inflammatory and destructive 

mediators that contribute to active degradation of cartilage and bone.  As the cartilage matrix 

is broken down by catabolic enzymes produced by chondrocytes and other cells of the 

tophus, the tophus is able to further invade and infiltrate into the cartilage and eventually 

reaches subchondral bone.   Once in contact with the bone, bone cells such as osteoblasts and 

osteoclast precursors are in direct contact with MSU crystals leading to increased 

osteoclastogenesis and bone resorption; and reduced bone formation due to impaired 

differentiation and mineralisation by osteoblasts.  MSU crystal-induced chondrocyte and 

osteoblast cell death and reduced function then limits the ability of the degraded cartilage and 

bone to repair itself.  Although the destruction of cartilage and bone in the gouty joint is an 

active process, tendon damage in gout may be a more passive process whereby tenocytes do 

not actively participate in the development of damage.  Instead, tenocytes are unable to 

effectively replace collagen fibres and tendon matrix proteins that have been lost through 

catabolic processes involving other cells of the joint and tophus.  The reduction of tenocyte 

viability by MSU crystals would also contribute to the limited ability of these cells to repair 

damaged tendon tissue.   
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6.2. Future Directions 

We have shown that MSU crystals significantly inhibit the viability of osteoblasts, 

chondrocytes and tenocytes.  The mechanism of MSU crystal-induced cell death is unlikely 

to be apoptosis as we did not observe changes over time in the expression levels of Annexin 

V, an early apoptotic cell marker, in our flow cytometry assays.  However, this assay 

measures a very early event in the apoptotic pathway, namely the externalisation of 

phosphatidyserine from the inner cell membrane to the outer cell membrane [357], and we 

can not rule out that a small amout of apoptosis was not occuring without looking at later 

markers of apoptosis.   Although, the cell death observed in both the flow cytometry and 

MTT (osteoblasts and tenocytes) or alamarBlue (chondrocytes) assays occured rapidly, and in 

the osteoblasts, did not involve phagocytosis of MSU crystals.  This implies that these cells 

are undergoing cell lysis following contact of the cell membrane with MSU crystals.  

Additional research to further characterise this interaction will be of interest.  Visualisation of 

the cell membrane-crystal interaction would provide useful insights into how quickly cell 

death is occuring following contact between MSU crystals and stromal cells of the joint.  

Staining the cellular membrane with a fluorescent dye such as DiI (Invitrogen) and then 

performing live cell or time-lapse imaging using confocal microscopy may be an ideal 

method to visualise the MSU crystal-stromal cell interaction in more detail [358,359].   

Given that TLRs are involved in mediating other effects of MSU crystals in chondrocytes 

[94,346], it may be possible that these receptors are also involved in transducing the signals 

that initiate the changes in viability and/or gene expression we observed in our chondrocyte 

studies.  TLR-2 and TLR-4 have also been shown to be expressed in primary osteoblasts and 

an osteoblastic cell line [360], and may also mediate some of the changes observed in these 

cells in response to MSU crystals.  In vitro studies investigating the role of  TLR signalling 

may include knocking down the activity of certain TLRs and determining whether the 

inhibitory effect of MSU crystals on osteoblast and chondrocyte viability and function is 

altered.  Downstream signalling molecules would also be of interest, particularly members of 

the focal adhesion kinase family and the p38 and Src kinases, which are important for 

inducing MMP-3 and nitric oxide production in chondrocytes in response to MSU crystals 

[313].  These kinases may also transduce the signals leading to increased expression of 

ADAMTS4 and ADAMTS5 in chondrocytes.  The transcription factor NF-κΒ should also be 

investigated as this factor also has a role in upregulating MMP-3 and nitric oxide production 
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in chondroctyes following culture with MSU crystals [346].  NF-κΒ is crucial for 

osteoclastogenesis [361,362] and inhibition of NF-κΒ reduces inflammatory bone loss and 

cartilage destruction [363].  Additionally, NF-κΒ activation in osteoblasts has an anti-

anabolic effect [364].  NF-κΒ is probably involved in mediating the changes in bone 

remodelling associated with chronic gout and it is possible that this transcription factor is 

activated in osteoblasts from gouty joints leading to increased osteoclastogenesis and 

inhibition of bone formation.  Other groups as well as our own have previously used 

pharmacological inhibitors of  intracellular signalling molecules to help elucidate their role in 

specific cellular functions such as mitogenesis and the generation of enzymes [313,365].  

This may be a useful method to investigate the role of the above mentioned intracellular 

signalling molecules in transmitting the effects of MSU crystals in osteoblasts, chondrocytes 

and tenocytes.          

 

One limitation of our in vitro studies is that the models we used were relatively simple and 

our culture systems only examined a single type of isolated cells from one tissue.  Although 

we did confirm the in vitro osteoblast viability data in bone samples from patients with gout 

and the chondrocyte viability data in ex vivo cartilage explant tissue, the tophaceous joint has 

numerous immune and stromal cells present which are producing a variety of soluble factors 

[106].  Cell-cell interactions between these various immune and stromal cells are very likely 

to be contributing to joint damage in gout [366,367].  Now that the cells present within the 

tophus have been identified, it may be possible to study these cell-cell interactions.  We have 

already shown that osteoblasts have a role in promoting osteoclastogenesis in chronic gout by 

reducing OPG expression [300], and it may be that this is one mechanism by which 

macrophages present within the tophus are differentiating into osteoclasts.  In vitro co-culture 

systems of osteoblasts with osteoclasts could be used to determine this.  Following tophus 

invasion into the cartilage and tendon, chondrocytes and tenocytes will also be in contact 

with immune cells that are present within the tophus; these interactions may amplify 

inflammation and the catabolic activities of these cells in response to MSU crystals.  Again, 

co-culture systems studying these interactions would be of interest and could involve 

measuring the changes in gene and protein expression of soluble mediators such as 

chemokines and cytokines that are able to effect surrounding cells and tissues.   
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Given the consistent inhibitory effects seen on osteoblast, chondrocyte and tenocyte viability 

and function with MSU crystals, an appropriate next step in this line of research would be to 

investigate the effects of MSU crystals on other stromal cells present in the joint and how this 

may influence joint damage in chronic gout.  MSU crystals have been observed in 

subchondral bone in patients with gout [298,299].  Therefore, it is highly likely that 

osteocytes are in direct contact with MSU crystals following tophus infiltration into the bone.  

As osteocytes are involved in responding to biomechanical strain and are responsible for 

regulating the signals that initiate either bone resorption or formation, any changes in 

osteocytes in response to the presence of MSU crystals and tophus may have important 

consequences for bone in the gouty joint.  Also, a recent study has shown that osteocytes 

have high levels of RANKL expression in vivo [368], this may be important following tophus 

infiltration into subchondral bone where osteocyte expression of RANKL may promote 

osteoclastogenesis from osteoclast precursor cells present in the tophus.    

 

Synovial fibroblasts are important mediators of joint damage in other arthropathies.  These 

cells may promote osteoclastogenesis in RA by expressing RANKL [154,172] leading to 

bone erosion.  Furthermore, RA and PsA synovial fibroblasts express MMPs and cathepsins 

which may also enhance tissue invasion and subsequent cartilage, bone and tendon 

degeneration [196,205,209,218,219,232].  IL-1β has been shown to increase the expression 

of degradative enzymes in osteoarthritic synovial fibroblasts, these effects were mediated 

through increased expression of Dkk-1 [369] and may contribute to cartilage and bone 

erosion.  Synovial fibroblasts are also likely to contribute to inflammation and joint damage 

in chronic gout.  Fibroblast-like cells cultured with MSU crystals have upregulated 

expression of inflammatory mediators including PGE2, IL-6 and TNF-α; chemokines such as 

IL-8 and MCP-1; and collagenase [91,307,318,319,370,371].  Investigating the effects of 

MSU crystals on osteocytes and synovial fibroblasts in vitro using similar methods to those 

used in our osteoblast, chondrocyte and tenocyte studies will further contribute to the 

understanding of the mechanisms of joint destruction in chronic gout.  Changes in viability, 

gene and protein expression, as well as structural changes to the synovial membrane in 

human chronic gout samples will be of interest. 

  

Although bone erosion is the most pronounced feature observed in joints from patients with 

chronic gout, pathological new bone formation is also frequently observed [372].  The 
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mechanisms behind new bone formation in gout are unknown.  The features of new bone 

formation in gout have recently been described using plain radiography and CT [140].  The 

most common features of new bone formation in gout were bone sclerosis and bony spurs.  

Periosteal new bone formation was less common and ankylosis was rare.  Joints with bone 

erosion and/or intraosseous tophi were more likely to have features of new bone formation, 

suggesting that there is a connection between bone erosion, the presence of tophi and new 

bone formation during bone remodelling in gout [140].  BMPs and a number of Wnt 

signalling molecules have been implicated in pathological bone formation in other 

inflammatory arthropathies.  Inhibition of the Wnt antagonist Dkk-1 in a mouse model of RA 

demonstrated osteophyte formation, reduced bone erosion and increased β-catenin expression 

by bone cells [22,373].  β-catenin is essential for osteoblast differentiation [374].  The 

anabolic Wnt factor Dkk-2 has been shown to be upregulated in osteoarthritic osteoblasts 

[375] and was also shown to be involved in repair bone formation following resolution of 

inflammation in a mouse model of RA.  Wnt10b was also increased in this model, and the 

Wnt antagonists sFRP-1 and sFRP-2 were decreased [182].  BMPs have been shown to 

promote osteogenesis and bone formation [376,377] and have a role in abnormal bone 

formation in ankylosing spondylitis [378].  Wnt signalling and BMPs may also play an 

important role in pathological new bone formation in chronic gout.  Research comparing the 

expression of Wnt signalling molecules and BMPs in bone samples from patients with 

chronic gout to healthy control bone samples will help elucidate the role of these signalling 

pathways in the bony changes associated with chronic gout.  Whether expression is affected 

by the presence of MSU crystals and tophaceous material and which cell types are expressing 

these factors will also be of interest. 

 

The Wnt signalling pathway may also be involved in gouty cartilage degradation as it is 

important for the cartilage changes that are observed in OA.  β-catenin activation in 

chondrocytes results in increased MMP and ADAMTS expression, as well as proteoglycan 

release.  These effects were enhanced in the presence of IL-1β.  In an animal model of OA, 

β-catenin expression in chondrocytes was associated with age and degradation of cartilage.  

Other studies have shown that inhibition of Wnt signalling may contribute to cartilage 

destruction.  The loss of Dkk-1 function in a rodent model of OA inhibited chondrocyte 

apoptosis and impeded cartilage degradation and subchondral bone remodelling [379].  

Conversely, upregulation of Dkk-1 expression in a different model of OA was associated 
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with increased expression of MMPs and proteinases and the loss of cartilage [369].  In vitro 

studies investigating the changes in mRNA and protein expression levels of Wnt signalling 

factors in osteoblasts, chondrocytes and tenocytes in response to MSU crystals for different 

periods of time will be useful in determining if this pathway contributes to the changes in 

bone, cartilage and tendon observed in chronic gouty joints.     

   

At present, a major limitation in researching the joint changes that occur in gout is the lack of 

a suitable in vivo model to study long-term chronic gout.  Current rodent models of gout 

facilitate short term studies which enable researchers to study acute gout.  Furthermore, in 

these models, MSU crystals are most often injected into the peritoneal cavity [74] or 

membrane pouches in the dorsal subcutaneous tissue [96] as a substitute for the joint.  Intra-

articular models of gout where MSU crystals are injected into the ankle joints of rats or mice 

have been used to study acute gout.  In these models, histological analyses have demonstrated 

that tissue oedema and inflammation, including cytokine and chemokine production, occur 

rapidly following MSU crystal injection [380,381].  However, the presence of functional 

uricase in rodents is the main limiting factor in the use of these models for studying chronic 

gout; and although a uricase knockout animal model seems to be the likely answer to this 

problem, attempts to disrupt the urate oxidase gene in mice have led to high mortality rates 

and the development of urate nephropathy [382].  Development of an appropriate model in 

which chronic tophaceous gout can be induced, and in which articular spaces are used to 

represent human disease, is of great importance to allow further investigation into the 

mechanisms of joint damage in this disease.  Importantly, this model would enable the study 

of joint structural changes over time and could help determine the sequence of events that 

leads to total destruction of the joint in gout, including whether cartilage degradation 

precedes bone erosion or whether both lesions occur simultaneously. 

 

Our data demonstrating the potent inhibitory effects of MSU crystals on stromal cells of the 

joint and subsequent joint destruction raise important questions regarding the role of urate 

lowering therapy (ULT) and structural damage in chronic gout.  Given the strong relationship 

between bone erosion and intraosseous tophi, it seems likely that intensive ULT, which can 

lead to resolution of tophi [114], may prevent progression of bone erosion in patients with 

chronic gout.  Our data also raise the possibility that dissolution of MSU crystals through 

effective ULT may prevent cartilage damage in patients with gout.  The ‘double contour’ sign 

on ultrasonography may have important prognostic implications for progression of cartilage 
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damage in this disease.  Longitudinal studies to examine the relationship between the ‘double 

contour’ sign and progression of cartilage loss will be of great interest.  To date, no studies 

have demonstrated that lowering serum urate to subsaturation concentrations can alter 

progression of radiographic damage.  These data provide a rationale for clinical trials that 

address the efficacy of ULT to prevent joint damage in patients with gout.  

 

Effective ULT in patients with chronic gout raises another important question; that is whether 

damaged cartilage and focal bone erosions in these joints can be repaired following 

dissolution of MSU crystals.  Our data indicate that MSU crystals inhibit the function of 

stromal cells within the joint.  Therefore, while MSU crystals are still present within the joint, 

repair processes are limited as the crystals continue to reduce the viability, differentiation and 

function of the cells needed to form new replacement tissue.   

 

There is evidence to suggest that repair of erosive bone lesions is possible in patients with RA 

after effective clinical therapy.  Using high resolution micro-computed tomography (μCT) 

analysis, studies have shown that after treatment with anti-TNF-α or anti-IL-6 agents for one 

year, the mean depth of erosions in patients with RA were significantly decreased compared 

to baseline measurements [383,384].  Erosions that had evidence of repair all showed signs of 

sclerosis at the base of the lesion but not at the sides, suggesting that the repair process was 

emerging from the endosteal bone rather than the periosteal bone, and may involve the bone 

marrow.  In addition, deeper bone erosion lesions were more prone to showing signs of 

repair.  Overall the repair was limited as only small increases in new bone were observed 

after one year of treatment, suggesting that a more effective therapy for repair of bone 

damage in arthritis needs to reduce inflammation, but at the same time be combined with an 

anabolic agent that would help build the bone back up and speed up the repair process 

[383,384].  Similar studies in patients with chronic gout on intensive ULT will help address 

the issue of whether repair of erosive lesions is possible in these patients.         

6.3. Conclusion 

The pathological mechanisms responsible for the development of acute gouty arthritis are 

relatively well understood.  Here, we have focussed on understanding the mechanisms bone, 

cartilage and tendon damage in chronic tophaceous gout.  We have demonstrated that stromal 

cells within the gouty joint play a central role in the development of structural joint damage.  
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MSU crystals potently inhibit the viability, function and differentiation of osteoblasts, 

chondrocytes and tenocytes, which will have important consequences for bone erosion, 

cartilage degradation and tendon degeneration, respectively.  These cells may act in 

conjunction with immune cells present within the gouty joint to actively promote erosion by 

producing degradative enzymes and pro-inflammatory mediators.  Furthermore, repair 

processes in the cartilage, bone and tendon tissue of gouty joints will be limited in the 

continued presence of MSU crystals, as the cells needed to initiate and drive the repair 

process will continue to have impaired function.  In order to improve the disability 

experienced by patients with chronic gout, any effective therapeutic intervention will need to 

remove MSU crystals in the joint to halt the progression of joint destruction, and allow 

subsequent recovery of the mature osteoblast, chondrocyte and tenocyte cell populations, 

which may enable repair processes in the joint to begin.  
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