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Chapter 1  

1 Literature Review 

1.1  The Development of the Skeleton 

The development of the skeleton marked an important step towards the evolution of 

mammals. A rigid framework allows for attachment of muscle groups and protection, 

providing an evolutionary advantage for these early vertebrate creatures [1]. Without a 

skeletal system, terrestrial life as we know it today would be impossible, as large creatures 

would collapse under their own weight [1,2]. The skeleton is also highly important in 

regulation of blood calcium and phosphate, and may also be an important endocrine organ 

system [3–6]. Modern mammalian skeletons are primarily made up of two different tissues 

types: bone that forms the framework of the skeleton, and cartilage that enables the bones 

to interface and form joints and articulate through many degrees of motion. Both of these 

tissue types share a common progenitor cell of mesenchymal origin [7]. The 206 bones that 

make up the human skeleton can be roughly classified into 3 categories based on their 

location: craniofacial (skull), appendicular (limbs), and axial skeleton (vertebra and ribs). 

The bones that comprise the appendicular and axial skeleton largely form through a process 

called endochondral ossification, which requires a cartilage template prior to replacement 

by bone [8]. The craniofacial bones, particularly the flat bones of the skull, form through a 

process that does not require a cartilage template and is called intramembranous 

ossification [9]. However, with few exceptions, both processes require the prior 

recruitment of mesenchymal precursor cells to the location of the future skeletal element. 

These precursor cells form condensations in a general template of the future bone [10].  
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1.1.1 Intramembranous Ossification 

Only a small number of bones form through intramembranous ossification (IO), including 

the scapula, pelvis, clavicles, and the flat bones of the skull [9]. In IO, mesenchymal 

progenitor cells differentiate directly into osteoblasts that produce osteoid the extracellular 

matrix (ECM) that will then support crystallization of the mineral content that gives bone 

its rigidity [9,11]. This process is largely driven by the two transcription factors runt-related 

transcription factor 2 (RUNX2) and downstream osterix [12]. In fact, the mesenchymal 

precursor cells (also called osteochondral progenitors) of genetically modified mice 

deficient in either of these factors fail to differentiate into osteoblasts and produce bone, 

leading to embryonic death of these mice [12].  

1.1.2 Endochondral Ossification  

The long bones that largely make up the appendicular skeleton (ex. tibia, femur, radius, 

ulna) form through a process called endochondral ossification (EO) [8,13,14]. While the 

end result is similar to IO with osteochondral progenitor cells eventually forming mature 

bone, the long bones must first go through a phase in which a cartilage template is 

incrementally replaced by bone [8,14]. This cartilage template is formed by cells called 

chondrocytes that share a common osteochondral progenitor cell origin with osteoblasts 

[7,14]. Both cell lineages begin with progenitor cells producing the transcription factor 

SRY (sex determining region Y)-box 9 [SOX9] with concomitant Runx2 expression [7,14]. 

Cell fate is determined when the osteochondral progenitor commits to either Runx2 

expression driving the cell to the osteoblast lineage, or Sox9 which drives chondrogenesis 

[7]. SOX9 is considered the ‘master regulator’ for the chondrocyte phenotype, and in this 

role it directly regulates genes that are necessary for chondrocyte function and cartilage 
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production [15]. Expression of ECM protein genes Col2a1 and Agc1 that encode for 

collagen II and aggrecan, respectively, are regulated by SOX9, and are essential for 

cartilage structure and function [15]. In fact, SOX9 in concert with SOX5/6 (the “Sox 

Trio”) is essential for the formation and maintenance of permanent cartilage in the skeleton 

[16].  

Following the formation of the mesenchymal condensation, EO proceeds with the 

differentiation of osteochondral progenitors within the condensation to a chondrocyte 

lineage, with peripheral cells lining the template forming a perichondrial lining [17]. 

Perichondrial cells play a role in isolating the growing skeletal element from surrounding 

mesenchyme environment, and retain the ability to differentiate into chondrocytes or 

osteoblasts [13,17]. Cells within the mesenchymal condensation proliferate and begin to 

produce collagen II and aggrecan under the control of the Sox Trio [8,13,16]. As the 

cartilaginous bone template grows through chondrocyte proliferation and matrix 

production, a zonal structure begins to form along the long axis of bone formation [8]. Cells 

near the center of the template stop proliferating and grow from a characteristic compact 

rounded chondrocyte phenotype to an expanded hypertrophic cell phenotype, forming the 

‘hypertrophic zone’ [18]. Neighboring cells continue to proliferate and begin to form 

columns of clonal cells along the axis of bone growth, these columns form the ‘proliferative 

zone’ [8].  Chondrocytes near the ends of the bone template do not show active cellular 

proliferation and are more quiescent forming the ‘resting zone’ [8,13]. Collectively these 

zones form what is called the cartilage growth plate (Fig. 1.1).   
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Figure 1.1 The Growth Plate The growth plate is involved in development and 

endochondral ossification, and is organized into distinct zones of chondrocytes. The resting 

zone near the end of the bone is composed of relatively quiescent chondrocytes with a 

rounded phenotype. Chondrocytes enter the proliferating zone and form coin-like columns 

of rapidly proliferating clonal cells. As these cells exit the cell cycle they being to enlarge 

and enter the prehypertrophic zone. Terminally differentiated chondrocytes enter the 

hypertrophic zone and exhibit a large cell volume relative to the resting chondrocytes.  
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1.1.3 The Growth Plate 

Largely deprived of oxygen and nutrients, chondrocytes in the hypertrophic zone of the 

growth plate stop proliferating and change programming to produce a unique set of ECM 

proteins, degradative enzymes, and signalling molecules [13,14].  The production of 

collagen X rather than collagen II and aggrecan is a hallmark of the hypertrophic 

chondrocyte phenotype, and is commonly used as a cell marker [14,19,20]. Hypertrophic 

chondrocytes release vascular endothelial growth factor (VEGF) which recruits vascular 

invasion into the center of the growth plate [13,14]. Along with nutrients and oxygen, this 

vasculature brings in osteoclasts that are involved in cartilage template removal so that 

osteoblasts can lay down new bone matrix [8,14]. This region of new bone formation is 

called the primary ossification center, which will ultimately expand to form the diaphysis 

of the mature bone [13,14,17]. Hypertrophic chondrocytes also produce degradative 

enzymes including matrix metalloproteinase 13 (MMP-13) and aggrecanases that further 

assist in matrix removal through cleavage of the collagen II and aggrecan network 

respectively [8,14,21,22]. Ultimately, hypertrophic growth plate chondrocytes will 

undergo apoptosis, or as recent work suggests, may transdifferentiate to contribute to the 

osteoblast pool that will replace the removed cartilage matrix with bone [19,20,23,24]. 

Cells lining the hypertrophic zone differentiate to osteoblasts and contribute to the 

formation of the cortical bone collar and periosteum. Cells between the hypertrophic zone 

and the neighboring proliferating zone are called pre-hypertrophic chondrocytes and 

exhibit an intermediate phenotype between the two zones [13,14].  

The proliferative zone is composed of clonal columns of coin shaped proliferating 

chondrocytes and develops parallel to the direction of bone growth, in a process driven and 
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regulated by various local and systemic factors [13,15,16]. Along with the expansion 

caused by the increased cellular volume of hypertrophic cells, this proliferative activity 

drives the elongation of the bone [13]. Vitamin D, growth hormones and thyroid hormones 

are all systemic factors that regulate the proliferating zone chondrocytes [25]. However, 

local growth factors including fibroblast growth factors (FGFs) and bone morphogenetic 

proteins (BMPs) also play a role [13,26]. The parathyroid hormone related peptide (PTHrP) 

and Indian hedgehog (IHH) signalling axis permits fine tuning of cellular activity in the 

proliferative zone and initiation of hypertrophy in the pre-hypertrophic zone [13,14,17,27]. 

PTHrP produced by both chondrocytes and perichondrial cells at the end of the bone 

(resting zone) diffuses through the proliferating zone and maintains these cells in a 

replicative status [13,17]. The PTHrP concentration diminishes farther from the end of the 

bone and as these chondrocytes exit the cell cycle and enter the pre-hypertrophic zone, they 

release IHH that has a number of effects on local chondrocytes and the perichondrium [13]. 

IHH signals back to the end of the bone and maintains PTHrP release, and also induces 

perichondrial cells to become osteoblasts and form the bone collar [8,13]. This feedback 

loop helps to maintain zonal organization in the growth plate [13,14].  

1.1.4 Secondary Ossification Center 

As the bone develops and increases in size, a secondary ossification center forms on either 

end of the bone and will become the bone epiphysis [14,17]. Similar to the primary 

ossification center, the secondary ossification center forms when chondrocytes undergo 

hypertrophy and recruit blood vessels that carry osteoblasts and osteoclasts to lay down 

new bone [14,17]. The growth plate (now also called the metaphysis) consists of the same 

zonal arrangement of chondrocytes (Fig. 1.1), sandwiched between the primary 
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ossification center, and the new secondary ossification center at the end of the bone 

[13,14,17]. However, a region at the very end of the bone retains chondrocytes that will 

eventually form the articular cartilage that enables bones to smoothly interface, and 

articulate with one another in the future joint [14,17]. Closure of the growth plate consists 

of the slowing and eventual termination of chondrocyte proliferation, with replacement by 

bone that occurs in humans once skeletal maturity is reached during late puberty [28]. 

Interestingly, mouse growth plates do not close at sexual maturity, however it seems that 

high estradiol levels as experienced by humans during late puberty can cause the growth 

plate to close in mice when delivered exogenously [29].  

1.1.5 The ‘Bone’ in Bones 

Bones consist of an organ unit made up of various tissues including cartilage, bone tissue, 

blood vessels, and a marrow cavity filled with hematopoietic stem cells [14,17]. Bone 

tissue is porous, and contains numerous channels for blood vessels, nerves and the 

conduction of fluid flow important for transportation of small molecules, nutrients, and 

information about mechanical loading [30]. The tissue itself consists of a mineralized 

matrix comprising organic ECM proteins such as collagen I and additional non-collagenous 

bone matrix proteins [31]. Matricellular proteins regulate the formation of hydroxyapatite 

crystals that give the bone its rigidity, and may act as signalling molecules during bone 

remodeling [4,31,32]. There are two general types of bone tissue serving functionally 

similar but structurally unique purposes. Cortical bone composes the outer regions of all 

skeletal elements and is densely arranged to provide structural stability and strength to the 

skeleton [33]. Trabecular bone (also referred to as cancellous or spongy bone) is found near 

the end of the long bones and in the inner regions of many other bones [33]. This type of 
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bone is organized in a honeycomb-like network of bone spicules and further supports the 

cortical bone, while accommodating free space for the marrow cavity [33]. Both types of 

bone regularly undergo remodeling processes to repair both major and micro fractures, as 

well as regulating blood mineral homeostasis [4,31,33,34].  

1.1.6 Bone Remodeling 

Bone is constantly being broken down and reformed to regulate blood calcium/phosphate 

homeostasis, repair macro and micro bone fractures, and adapt to environmental challenges 

[4,30]. Destruction of bone is mediated by hematopoietic stem cell lineage-derived 

osteoclasts [34]. Osteoclasts form when receptor activator of nuclear factor kappa B ligand 

(RANKL) and macrophage colony stimulating factor (M-CSF) stimulate precursor cells to 

fuse and differentiate into multinucleated mature cells [34,35]. Activated osteoclasts bind 

to the surface of the bone through interactions of their surface integrins with the bone 

matrix to form a unique physiological structure called the ruffled border [34,35]. The 

ruffled border vastly increases the surface area in contact with the resorption pit that forms 

underneath the osteoclast [34,35]. The osteoclast then releases a high concentration of 

hydrogen ions into the resorption pit, acidifying the local environment and freeing the 

inorganic mineral content in the bone [34,35]. Additionally, proteinases including 

cathepsin K and various MMPs such as MMP-9, as well as tartrate resistant acid 

phosphatase (TRAP) are released that then break down the collagens and other ECM 

proteins that make up the organic component of the bone [34–36].  

Conversely, osteoblasts are responsible for laying down new bone during development and 

in response to osteoclast-mediated bone resorption [34,36]. These cells are derived from 

the same mesenchymal progenitor cells as chondrocytes, with RUNX2 driving their 
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differentiation to mature osteoblasts [7,9,36]. Osteoblasts lay down a collection of ECM 

proteins consisting primarily of collagen I, but also including other non-collagenous 

structural proteins and signalling proteins [31,33]. This unmineralized matrix is called 

osteoid, which through a poorly understood mechanism mineralizes when hydroxyapatite 

crystals form in association with the bone ECM to form a rigid network [31,33]. 

Osteoblasts regulate the activity of osteoclasts through the release of RANKL and the 

soluble receptor activator of nuclear factor kappa B (RANK)-like decoy receptor 

osteoprotegerin (OPG) [33,34]. Together, osteoclasts and osteoblasts form the basic 

multicellular unit (BMU) that over the course of weeks progressively breaks down and re-

forms bone in response to the needs of the organism [34].   

1.2 Synovial Joints 

Individual skeletal elements are generally connected by joints. There are three varieties of 

joints that form between at least two apposing bones: cartilaginous joints connect the bones 

through an interface of cartilage (ex. the intervertebral disc in the spine), fibrous joints are 

connected via tough fibrous collagen rich tissue (ex. sutures between skull bones), and 

synovial joints that contain a fluid filled space between the bones (ex. knee, ankle, elbow) 

[33,37–39]. Synovial joints form through a process involving regulated cell death in the 

joint interzone that will define the joint location, and is partially mediated by muscle 

movement during embryonic development of the bone [37,40]. Growth/differentiation 

factor 5 (GDF5), a member of the BMP superfamily, appears to be particularly important 

both in the formation of joints and skeletal development in general as mice deficient in 

GDF5 fail to correctly develop joints in the appropriate location and show stunted limb 

development [37,41].  
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Synovial joints function as a unit of many different tissue types acting together. At least 

two bones apposing one another are supported by and anchor muscles that not only allow 

for locomotion, but also ensure that joint stability and alignment are maintained [42]. 

Ligaments and other supportive fibrocartilaginous structures (ex. the menisci in the knee 

joint) further protect joint alignment, distribute load, and prevent damaging overextension 

or slipping of the joint [43]. The joint capsule and synovium surround the joint and prevent 

the synovial fluid contained in the joint space from escaping [43,44]. Perhaps most 

importantly, a layer of articular cartilage caps the bone and provides near frictionless 

articulating surfaces for the joints to interface [43,45]. Subchondral bone immediately 

beneath the articular cartilage supports the overlying tissue both mechanically, and through 

exchange of nutrients and waste products [43,46,47]. An example of a synovial joint is the 

knee, and is shown in Fig. 1.2 (left half). 

1.2.1 Cartilage 

Cartilage in general is a connective tissue that depending on the function required may 

have very different mechanical and structural attributes. Subtypes of cartilage have been 

defined largely based on their matrix content and function, and include: elastic, hyaline, 

and fibro-cartilage [48–50]. Fibrocartilage is found in many supporting joint structures, 

including the meniscus of the knee and the annulus fibrosis in the intervertebral disc of the 

spine, and its ECM is made up largely of large collagen I fibers [50]. Elastic cartilage is 

similarly composed largely of collagens but also contains a high proportion of elastin and 

can be found in the ear and epiglottis [50]. Hyaline cartilage forms both articular cartilage, 

and growth plate cartilage and is composed largely of collagen II [49,50].  
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Figure 1.2 Diagram of a healthy and osteoarthritic joint (knee). This schematic 

representation shows the effects of osteoarthritis (OA) encompassing the whole joint. 

Healthy articular cartilage (blue) degenerates and may shed fragments into the synovial 

fluid (yellow). The synovium (red) secretes lubricating molecules, however in OA it 

becomes inflamed (synovitis) and releases inflammatory compounds into the joint. 

Subchondral bone remodeling (stippling), and osteophytes may also develop in OA. 

Supportive ligaments (central) help keep the joint in alignment, and disruption of these 

structures may lead to OA. Not shown are the additional supportive ligaments (collateral 

ligaments, etc.) and menisci that further support the joint and distribute load. 
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Figure 1.2 Diagram of a healthy and osteoarthritic joint (knee). 
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1.2.2 Articular Cartilage 

The primary function of articular cartilage is to prevent excessive friction and wear, 

allowing smooth articulation between interfacing surfaces in the joint [43,45]. To perform 

these duties, cartilage has adapted an interesting structure and composition. Unlike many 

other tissues in the body, healthy cartilage is completely aneural and avascular, and thus 

depends largely on diffusion of water into and out of the tissue to transport nutrients and 

waste [50,51]. Chondrocytes are the only resident cell type, and make up approximately 

2% of the volume of human cartilage [51,52].  The bulk of the tissue is composed of a 

complex network of ECM proteins collagen II, various proteoglycans including aggrecan, 

and matrix crosslinking proteins [49–51]. Aggrecan is rich in charged glycosaminoglycan 

(GAG) side chains that highly attract water. This is important for cartilage as water is 

forced out of the tissue during loading, and the charged GAG molecules attract water back 

into the tissue when load is released [51,53]. This combined with the structural strength 

contributed by the collagen network makes cartilage a highly durable tissue [49]. However, 

the relatively acellular, and completely avascular nature of cartilage severely limits its 

ability for to repair [43,54]. Furthermore, due to relatively slow turnover of the matrix, 

collagen in the cartilage may have a half-life of decades, and aggrecan may persist for 

years, meaning the cartilage present at skeletal maturity is essentially the same throughout 

life [43,55]. Buildup of advanced glycation end products (AGEs) on matrix proteins 

through low turnover can alter the function of the ECM, and activate the pro-inflammatory 

AGE receptor (RAGE) that may be involved in some forms of joint pathology [55].   
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1.2.3 Cartilage Zonation 

Cartilage is an anisotropic tissue, with variations in the organization of the matrix and 

chondrocyte density tailored to suit the functions required at certain depths [49,51]. See 

Fig. 1.3 for a descriptive diagram. In fact, the anisotropic organization of collagen in 

cartilage and bone can be shown by picrosirius red staining using histology, which 

enhances the birefringent effect of collagen and causes selective illumination of 

specifically aligned collagen fibers under polarized light microscopy [56,57].  The surface 

of articular cartilage is known as the superficial zone and is directly exposed to the synovial 

fluid that bathes the joint space [51]. Chondrocytes present in this zone are flattened 

relative to chondrocytes in deeper zones and express lubricin, a unique lubricating protein 

encoded by the Prg4 gene, that decreases the coefficient of friction of the joint surface 

[51,58]. The collagen matrix in this region is organized parallel to the surface of the joint, 

with the lowest concentration of aggrecan relative to deeper zones [51]. The superficial 

zone possess the greatest tensile strength in the cartilage, which enables it to cope with the 

shearing and compressive forces experienced during articulation and loading [51]. Below 

the superficial zone, mid-zone cartilage has a lower cellular density, however the 

chondrocyte phenotype more closely resembles the typical rounded resting chondrocyte 

[51,59].  The matrix of the mid-zone has much higher aggrecan content, with collagen 

fibers in this zone showing less spatial organization relative to the superficial cartilage [51]. 

Deep zone cartilage and calcified cartilage show the lowest concentration of chondrocytes 

and collagen content [51]. The deep zone and calcified cartilage are separated by a 

meandering line of mineralization visible in histology and referred to as the ‘tidemark’ 

[51]. The proposed purpose of this calcified cartilage layer is to provide an intermediate  
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Figure 1.3 Articular cartilage organization. Articular cartilage is organized into zones 

with different cellular, structural, and mechanical properties. The superficial zone (SZ) is 

in direct contact with the synovial fluid, and consists of collagen fibrils and elongated 

chondrocytes running parallel to the articular cartilage surface. The mid-zone (MZ) is 

populated by chondrocytes in a more typical spherical phenotype at a lower density relative 

to the SZ. Collagen fibrils in the MZ are more randomly organized that the SZ. The deep-

zone (DZ) consists of chondrocytes in a roughly columnar organization, with collagen 

organized roughly perpendicular to the surface and entering the underlying calcified 

cartilage (CZ). The tidemark (TM) forms a visible demarkation point between the calcified 

cartilage (CZ) and and overlying non-calcified cartilage. Chondrocytes in the CZ are 

enlarged, and exhibit a hypertrophic-like phenotype. Proteoglycan content (largely 

aggrecan) increases from the SZ to the DZ and is indicated by the red shading.  
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region of tissue stiffness between the soft overlying non-calcified cartilage, and the 

relatively stiff structure of the underlying subchondral bone, thus preventing the cartilage 

from shearing away [51,60]. Increasing aggrecan concentration in deeper zones of cartilage 

ensures that water is electrostatically drawn back into the tissue following loading, 

allowing the tissue to rebound and maintain elastic strength [51].  

1.2.4 Cell Signalling in Chondrocytes 

Despite the relative isolation of chondrocytes from others cells in the body, signalling 

readily takes place within the cartilage. Chondrocytes can self-stimulate via autocrine 

signalling mechanisms, as is seen with epidermal growth factor receptor (EGFR) and 

release of cell-produced epidermal growth factor (EGF) [61]. Membrane bound factors can 

also bind their respective receptors on the cell surface through juxtacrine signalling, as has 

been shown with unprocessed transmembrane transforming growth factor alpha (TGFα) 

that can also bind EGFR [61,62]. Further juxtacrine signalling pathways include the cell-

matrix interactions mediated by integrins, varieties of which can bind a vast array of 

cartilage ECM proteins including collagen II and fibronectin as well as certain cleaved 

matrix proteins, and may additionally contribute to chondrocyte mechanosensing of 

external forces [30,63,64]. Endocrine signalling takes place in articular cartilage, with 

chondrocytes responding to systemic vitamin D, thyroid hormone, sex hormones and 

adipokines, among various other hormones [25,65]. In fact, localized inflammation caused 

by systemic inflammatory factors or those released within the joint may be a driving force 

for the various diseases that can detrimentally affect cartilage and other joint tissues 

[59,66].  
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1.3 Arthritis 

Diseases of the joint are as old as the foundation of joints themselves, as shown by evidence 

of forms of arthritis in the fossil records of ancient reptiles and dinosaurs [67,68]. 

Dysfunction and disease of joints can take many forms, with many associated etiologies 

and pathologies [69,70]. Arthritis is a disease of the synovial joint characterized by the 

breakdown of articular cartilage, leading to pain and dysfunction for the afflicted individual 

[46]. The most prevalent forms of arthritis are rheumatoid arthritis (RA), which is driven 

by systemic and local inflammatory breakdown of bone and cartilage in the joint, and 

osteoarthritis (OA), which has been considered a more ‘wear and tear’ disease in the past 

but is now thought to have a more complex etiology [43,69–71]. This thesis is focused on 

osteoarthritis.  

1.3.1 Socioeconomic Burden of Osteoarthritis 

Osteoarthritis is one of the leading cause of disability in the world, with more than 10% of 

adults exhibiting symptoms of the disease [72,73]. The most well defined risk factor for 

the disease is aging, with over 60% of men and 70% of women over the age of 70 showing 

radiographic evidence of knee arthritis [74]. Indeed, this is most likely an underestimate as 

early and mid-stage OA are very difficult to diagnose, and typical radiographic evidence is 

not apparent until the end stage of the disease [43,46]. Symptoms of pain and stiffness 

typically bring attention to the disease, however by this stage serious degenerative 

processes have set in and treatment methods are currently lacking [72,73]. The symptoms 

of pain and stiffness bring with them serious issues of disability that limit physical activity 

and impact the quality of life of affected individuals [69,72].  Disability in the form of 

movement limitation is present in over 80% of persons with OA, and over 10% will require 
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outside assistance to perform daily tasks [72]. As the disease is currently incurable and 

progresses for perhaps decades, the direct costs of treating the disease are immense, 

accounting for 1 – 2.5% of the gross domestic product for 1st world countries [43,72]. The 

indirect costs may be nearly 8-fold higher, and consist largely of lost work time due to 

absenteeism, decreased productivity, early retirement, and premature death [72]. 

Furthermore, loss of work hours for caregivers attending to disabled individuals may also 

contribute to economic impact [72].  

1.3.2 Risk Factors 

Osteoarthritis can be broadly (perhaps crudely) categorized as either: primary (idiopathic) 

or secondary (post-traumatic) [43,75,76]. The causes of primary OA are not fully 

understood, however some risk factors for the disease have been established as: increasing 

age, obesity, sex (female), and genetics. It is uncommon to see primary OA in those under 

the age of 40, however varieties of the disease do seem to affect younger individuals 

[43,69]. The influence of genetic factors has also been well established in twin studies, 

with the heritability of OA in the spine, hip, and hand estimated at over 60% [77,78]. In 

comparison, heritability of knee OA has been estimated to be lower than 50%, perhaps due 

to the prevalence of secondary OA in this joint over others [77]. However, retrospective 

genome-wide association studies (GWAS) and candidate gene studies have uncovered very 

few associated genes, with those identified playing roles as structural ECM proteins 

(Col6a4), inflammation-related (Ptgs2), or developmental genes in bone/joint formation 

(Gdf5, Dio2) [78,79]. Secondary osteoarthritis, on the other hand, has a better understood 

etiology initiated typically by trauma to the affected joint [43]. Direct impact to the articular 

cartilage or subchondral bone can cause direct death and dysfunction of chondrocytes, or 
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cause subchondral bone changes that initiate overlying cartilage damage [75,80]. Damage 

or laxity within the supporting ligaments (as seen in catastrophic anterior cruciate ligament 

[ACL] rupture) can disrupt normal joint alignment, leading to increased abnormal loading 

and subsequent articular cartilage damage [43,75]. It is currently debated as to whether 

surgical repair of an ACL rupture is medically warranted, as outcomes have generally been 

poor, however, animal models demonstrate that there may be benefits for a subset of 

patients [81]. Obesity also seems to be a risk factor for both forms of the disease, with 

increased weight leading to higher impact forces experienced by articular cartilage, 

particularly the large weight bearing joints of the knee and hip [43]. However, obesity is 

also associated with OA in non-weight bearing joints such as the hands, indicating that 

additional factors like adipokines or systemic inflammation associated with obesity may 

be involved [43,82,83]. While there may indeed be additional different subtypes of OA 

with varying etiology and pathobiology, it seems that the disease progresses to a similar 

end stage characterized by articular cartilage loss, and pathological bone remodeling [43].   

1.3.3 Osteoarthritis Pathobiology 

Previous thoughts that OA is exclusively a disease of the articular cartilage are likely not 

correct. It now appears that OA is a disease involving the entire joint, however the tissue 

that initiates the disease remains debated [43,80,84]. Indeed, the subchondral bone, 

meniscus, supportive ligaments, synovium, in addition to the articular cartilage, are all 

affected by the disease process, and contribute to pathology [43]. Please see Fig. 1.2 for a 

diagram of healthy joint tissue in comparison to an OA afflicted joint.  


