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Abstract 

 

Oxygen tension and biomechanical signals are factors that regulate inflammatory 

mechanisms in chondrocytes. We examined whether low oxygen tension influenced the cells 

response to TNFα and dynamic compression.  

Chondrocyte/agarose constructs were treated with varying concentrations of TNFα (0.1 to 

100 ng/ml) and cultured at 5% and 21% oxygen tension for 48 hours. In separate 

experiments, constructs were subjected to dynamic compression (15%) and treated with 

TNFα (10 ng/ml) and/or L-NIO (1 mM) at 5% and 21% oxygen tension using an ex-vivo 

bioreactor for 48 hours. Markers for catabolic activity (NO, PGE2) and tissue remodelling 

(GAG, MMPs) were quantified by biochemical assay. ADAMTS-5 and MMP-13 expression 

were examined by real-time qPCR. 2-way ANOVA and a post hoc Bonferroni-corrected t-test 

were used to analyse data.  

TNFα dose-dependently increased NO, PGE2 and MMP activity (all p<0.001) and induced 

MMP-13 (p<0.05) and ADAMTS-5 gene expression (p<0.01) with values greater at 5% 

oxygen tension than 21%. The induction of catabolic mediators by TNFα was reduced by 

dynamic compression and/or L-NIO (all p<0.001), with a greater inhibition observed at 5% 

than 21%. The stimulation of GAG synthesis by dynamic compression was greater at 21% 

than 5% oxygen tension and this response was reduced with TNFα or reversed with L-NIO.  

The present findings revealed that TNFα has dose-dependent catabolic activities and 

increased production of inflammatory mediators at low oxygen tension. Dynamic 

compression or the NOS inhibitor downregulated the inflammatory effects induced by TNFα, 

linking both types of stimuli to reparative activities. Future therapeutics should develop 

oxygen-sensitive antagonists which are directed to interfering with the TNFα induced 

pathways. 
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1.1 Characteristics of healthy articular cartilage    

 

Articular cartilage is a complex connective tissue that covers the ends of bones in the 

synovial joint (Fig. 1.1). Its main functions are to distribute loads minimising the peak 

stresses in the subchondral bone and to provide a load-bearing surface, with minimal friction 

and wear (Mirzayan, 2006). The tissue is neither vascularised nor innervated and coupled 

with a relatively low cell density, exhibits limited repair capacity (Heywood et al 2004). Under 

healthy conditions, cartilage appears to be a relatively thin white tissue turning slightly yellow 

with age. The typical location and appearance of native articular cartilage within a synovial 

joint is illustrated in figure 1.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 

 

 

 

 

  

 

 

 

 

 

(a) 

Figure 1.1. Schematic of the synovial joint (a), side view of the femoral condyle (b), and arthroscopic 

view of a healthy human knee joint (c) (Schulz and Bader, 2007). 
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1.2 Structure and composition of articular cartilage   

 

Articular cartilage is composed of an extracellular matrix (ECM) which is synthesized and 

maintained by chondrocytes, which form 1-10% of the total tissue volume (Mirzayan, 2006, 

Kim et al. 2008; Mow et al. 1999, Muir et al., 1995). The ECM is primarily composed of water 

(60-80%), type II collagen (10-20%), proteoglycans (4-7%), and glycoproteins (<5%) which 

are relatively small in size (Anderson 1962, Knudson and Knudson 2001). The composition 

of the ECM and their interactions give the tissue its load-bearing capacity and, with the 

bathing synovial fluid, its lubrication and low frictional properties (Mov, Ratcliffe, Poole, 

1992).  

 

Chondrocytes exist in a unique physiological and mechanical environment in the ECM and 

exhibit different sizes, shapes, and possibly metabolic activity in the various zones of 

cartilage. Each chondrocyte is surrounded by its ECM, has few cell-to-cell contacts, and 

relies on diffusion from the synovial space for its nutritional supply (Williams, 2007). The 

interactions between chondrocytes and the ECM regulate important biological processes 

such as cell attachment, growth and differentiation, hence maintaining cartilage homeostasis 

(Loeser, 2000).  

 

1.2.1 Extracellular matrix components 

 
Water is most concentrated near the articular surface (80%) and decreases in an 

approximately linear manner with increasing depth to a concentration of approximately 65% 

in the deep zone (Lipshitz et al., 1980; Maroudas, 1979). This fluid contains many free 

mobile cations e.g., Na+, K+, and Ca 2+, that greatly influence the mechanical and 

physiochemical behaviour of cartilage (Gu et al., 1998; Lai et al., 1991; Linn & Sokoloff, 

1965; Maroudas 1979). The fluid component of articular cartilage is also essential in 

maintaining the health of this avascular tissue because it permits gas, nutrient, and waste 

product movement back and forth between chondrocytes and the surrounding nutrient-rich 

synovial fluid (Linn & Sokoloff, 1965; Maroudas, 1979).  

 

A small percentage of the water in cartilage resides intracellularly and approximately 30% is 

strongly associated with the collagen fibrils (Maroudas et al., 1991). The interaction between 

collagen, proteoglycans and water, via the Donnan osmotic pressure, is considered 

important in regulating the structural organization of the ECM and its swelling properties. 

Most of the water thus occupies the interfibrillar space of the ECM and is free to move when 

a load or pressure gradient or other electrochemical motive forces are applied to the tissue. 

Indeed, when exposed to large compressive forces, approximately 70% of the water may be 
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displaced from the loaded region. This interstitial fluid movement is important in controlling 

the mechanical behaviour and joint lubrication (Gu et al., 1998; Maroudas 1979). 

 

Collagen consists of approximately 1000 amino acids, with a glycine at every third location 

of an alpha chain. Each collagen molecule is coiled into a left-handed helix, and three alpha 

helices coil around each other into a right-handed helix called the tropocollagen molecule 

(Fig. 1.2; Eyre, 1980). Collagen contains significant amounts of both hydroxyproline, which 

stabilizes the triple helix, and hydroxylysine, which allows collagen to bind covalently to 

carbohydrates (Eyre, 1980). The types of collagen found in articular cartilage can be divided 

into fibril-forming and non-fibril-forming. Whereas types II and XI form fibrils, types VI, IX and 

X collagen do not, although each are found to contribute to the ECM structure. The type of 

collagens in normal and degenerative articular cartilage has been extensively studied. Of the 

23 different types of collagen identified to date, articular cartilage contains at least five types: 

I, II, VI, IX and XI. Types II, IX and XI are cartilage-specific, cross linked fashion that forms 

the cartilage extracellular framework. Type II collagen provides the basic architecture and 

Type XI copolymerise with Type II collagen in the matrix. Type VI collagen is found in normal 

articular cartilage. In osteoarthrosis, Type VI collagen is increased in the pericellular region 

in the middle and deep zones of articular cartilage, but is reduced in the superficial layer 

relative to normal cartilage. Type IX collagen (1% of total collagen in cartilage) is covalently 

linked to the surface of Type II collagen fibrils. Collagen Type X is restricted to the 

underlying calcified zone of articular cartilage (An & Martin, 2003). Type II collagen fibrils 

contribute to the stiffness and strength of cartilage. Its fibril thickness and diameter is 

affected by the other collagen types, particularly collagen type IX which varies through the 

depth of cartilage. Type II collagen is the most abundant types of collagen in hyaline 

cartilage, accounting for 90-95% of the collagen in the matrix. It is associated with type XI 

collagen to form a mesh. Type VI collagen is a microfibrillar collagen that forms elastic fibres 

and is preferentially located in the pericellular region of chondrocytes. Type IX collagen is 

classified as fibril-associated collagen fibrils with interrupted triple helices, and may function 

to act as a bridge between collagen fibrils and aggrecan. Type X collagen is classified as a 

network forming collagen and, although its function is not entirely clear; it is found 

mineralized in the calcified zone of cartilage. The collagen fibrils are stabilized by cartilage 

oligomeric matrix protein, a 100,000-kDa protein that is present in cartilage and tendons, 

with multiple binding sites (An & Martin, 2003). 
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Proteoglycans are large ECM molecules composed of a protein core covalently bound to 

glycosaminoglycan (GAG) chains, the latter of which are long chains of non-branching 

polysaccharides, consisting of repeating disaccharide units. There is usually a sulphated 

group , namely SO4
2-, per disaccharide. Less often, there are non-sulphated or disulphated 

disaccharides. This high occurrence of sulphated disaccharide and the presence of carboxyl 

(CO2H-) ionic groups give an overall negative charge to the GAG, which is crucial in 

controlling the hydration of cartilage and ultimately the mechanical properties of the tissue 

(An & Martins, 2003). The two main types of GAG in articular cartilage are keratin sulphate 

and chondroitin sulphate (Fig. 1.3; Ng et al., 2003). Both sulphated GAGs contain variations 

within their own groups, such as differences in disaccharide units, sulphation, and amino 

acid epimerization (Schulz & Bader, 2007). The biosynthesis and control of both GAGs are 

not well understood. It has been shown that the amount of keratin sulphate in cartilage 

increases with age. The ratio of the two GAGs also varies with the depth of cartilage. Other 

GAGs present in the cartilage include dermatan sulphate, which is chondroitin sulphate with 

epimerized amino acids, and heparin sulphate (Woessner & Howell, 1993).  

 

Proteoglycans are hydrophilic in nature producing the water affinity of articular cartilage 

(Mirzayan, 2006). The charge-carrying capacity of proteoglycans combined with the 

interstitial water phase including small cations provides an ideal environment for interactions. 

Two major classes of proteoglycans reside in articular cartilage: large aggregating 

Figure 1.2. Illustration of collagen structure from the isolated amino acids to collagen fibrils. The 

collagen right-handed triple helix is formed from three individual polypeptide chains resulting in a (Gly-

X–Y), repeat structure which characterizes all collagen types. The X and Y position is often occupied 

by proline and hydroxyproline. Each of the three -chains of articular cartilage specific type II collagen 

fibrils forms an extended left-handed helix with a pitch of 18 amino acids per turn. The three chains, 

staggered by one residue relative to each other, are supercoiled around a central axis in a right-handed 

manner to form the triple helix (Riqozzi et al., 2011). 
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proteoglycan monomers or aggrecans, and small proteoglycans, including decorin, biglycan, 

and fibromodulin (Schulz & Bader, 2007). The tissue may also contain other small 

proteoglycans that have not yet been identified. Proteoglycans are key molecules in the 

mechanical behaviour of articular cartilage. They also play a role in cell behaviour and 

mediate cell interactions. Proteoglycan aggregates form as a result of the noncovalent 

interactions between hyaluronan and other small non-collagenous proteins (NCPs). The 

formation of these aggregates provides, in part, the spatial relationship between the 

constituents reflected in its mechanical properties (An & Martin 2003). 

 

The noncollagenous proteins and glycoproteins are poorly studied with occasional 

monosaccharide and oligosaccharides attached. They are found within the ECM and are 

likely to be involved in maintaining structure. These include anchoring CII, a chondrocyte 

surface protein; cartilage oligometric protein (COMP), an acidic protein found within the 

territorial matrix; and fibronectin and tenascin (Williams, 2007). 
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N-linked oligosaccharides 

    G1      IGD     G2   KS-rich                  CS1                                  CS2                       G3 

LINK PROTEIN        Keratan sulphate     O-linked oligosaccharides    Chondroitin sulphate 

Ig fold PTR 

COOH 

Lectin 

PTR 

COOH 

EGF    CRP 

 

(A) 

(B)    (C) 

(D) 

Figure 1.3. The structure of aggrecan. Amplitude force 

microscopy (AFM) image of low density monolayer of fetal 

epiphyseal aggrecan (A), schematic diagram (B) and 

chemical structures (C and D) of the most relevant 

polysaccharides making up the proteoglycans (PGs) in 

articular cartilage. The PGs consist of a strand of 

hyaluronic acid (HA), to which a core protein is non-

covalently attached. On the core protein, 

glycosaminoglycans (GAGs) such as keratan sulphate 

(KS) and chondroitin sulphate (CS) are covalently bound 

in a bottle brush fashion. The resulting architecture of the 

large aggregating proteoglycan aggrecan depicts the 

stabilization of this core protein to hyaluronan by the link 

protein (Ng et al., 2003).      
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1.2.2 Zonal arrangement of cartilage 

 

The structure and composition of articular cartilage at the microscopic level varies 

significantly with depth and can be separated into four poorly defined zones; superficial, 

transitional, deep zones and a zone of calcified cartilage (Fig. 1.4, An & Martin, 2003, Hardin 

et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The superficial zone consists of two layers. The outermost layer is composed of fine fibrils 

with little polysaccharide and no cells that cover the joint surface and is often referred to as 

the lamina splendens, which can be shed from the articular surface in some regions (Clarke, 

1971). The superficial zone lies directly below this and consists of tightly packed collagen 

fibres orientated parallel to the articular surface, in which flattened disc-shaped cells exist 

with low proteoglycan (PG) content. This zone is in close proximity to the synovial fluid and 

its integrity is essential for the fortification and maintenance of the underlying layers. It 

contributes greatly to the mechanical response of cartilage in resisting the compressive, 

tensile and shear forces generated during joint articulation (Buckwalter et al., 1987). Indeed, 

damage to this superficial zone is one of the first detectable structural changes in the 

experimentally induced degeneration of articular cartilage, leading to a reduction in its 

mechanical behaviour and a potential release of molecules that stimulate an inflammatory 

and/or immune response (An & Martin, 2003). 

Superficial zone 
(10% – 20%): 
Collagen fibres 
parallel to surface; 
flat, parallel cells 

Intermediate / 
Transitional zone 

(40% - 60%): 
Random collagen 
fibres; 
Spherical, oblique 
cells 
Deep / Radial zone 
(30%): Collagen 
fibres 
perpendicular to 
surface; 
Spherical, in 
column cells 

Tidemark 

Calcified layer 

 

 

 

 

 

 

 

 

Figure 1.4. Zonal arrangement of articular cartilage. Superficial, intermediate and deep zones of 

articular cartilage demonstrated in Hematoxylin and eosin (H&E) and Safranin O stained  full depth 

sections of the tissue in an adult sheep distal femur (A) and  schematic of articular cartilage (B) (An & 

Martin, 2003, Hardin et al., 2015). 
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The transitional zone is thicker than the superficial zone, and demonstrates a difference in 

cellularity and organization. The cells in the transitional zone are spheroidal in shape and 

synthesize a matrix that has larger-diameter collagen fibrils, a higher proportion of 

proteoglycan and lower concentrations of water and collagen than the matrix of the 

superficial zone. The chondrocytes in the middle (radial) zone are spheroidal in shape, and 

tend to align themselves in columns perpendicular to the joint surface. The largest diameter 

collagen fibrils are found in this radial zone associated with the highest concentration of 

proteoglycans, and the lowest concentration of water. The collagen fibres are aligned 

perpendicular to the articular surface in this zone. The deepest calcified zone forms a 

mechanical transition between the relatively deformable cartilage above and the hard bone 

below. A so-called "tidemark" delineates the extent of mineralization, yet collagen fibres 

continue across this line. The calcified cartilage layer makes up the final zone that separates 

the middle zone from the underlying subchondral bone (An & Martin, 2003). 

 
The extracellular matrix is compartmentalised into three separate domains, known as the 

pericellular, the territorial and the interterritorial matrices (Fig. 1.6, Landínez-Parra et al., 

2012). The pericellular matrix surrounds the chondrocytes and is thus in close proximity to 

the cell membrane. It contains mainly proteoglycans, type VI collagen as well as 

glycoproteins and other noncollagenous proteins. The territorial matrix abuts the 

pericellular matrix and contains primarily collagen, forming a basket-like meshwork around 

the cell. It is thicker than the pericellular matrix and possibly functions to protect the cells 

during loading. The largest of the three matrix compartments is the interterritorial matrix, 

which also contains the largest collagen fibrils. It is the orientation of these collagen fibres 

that accounts for the differences seen in the four distinct cartilage zones typically parallel in 

the superficial zone and perpendicular in the deep zone. Accordingly, the interterritorial 

Figure 1.5. Organisation of macromolecules within the different zones of articular cartilage. Schematic 

drawing (a) of articular cartilage demonstrates the zonal arrangement and macromolecular 

organization by the illustration of PGs (blue) and collagen fibrils (green). Histological staining with 

Safranin O and fast green (b) of full-depth articular cartilage harvested from bovine medial femoral 

condyle depicting columnar formation. Subchondral bone is stained green, articular cartilage is red 

because of its proteoglycan content and calcified cartilage as a mixture of both results in a pink 

staining (Schulz & Bader, 2007). 
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matrix is predominantly responsible for the mechanical properties of the tissue (Mirzayan, 

2006).   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chondrocyte 

Pericellular region: 

Type II and XI collagen 

Territorial region:  
Type VI collagen 

 
Inter-territorial region  
Type  II, IX and XI collagen 

Collagen 
Proteoglycan 

aggregates 

Figure 1.6. The ECM regions of articular cartilage. Illustration of the various tissue regions within a 

fragment of articular cartilage (Landínez-Parra et al., 2012).   
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1.3 Oxygen tension in healthy cartilage   

 

The oxygen tension in cartilage ranges from approximately 8% in the superficial zones to as 

low as 1% in the deep zone with nutrients supplied from the synovial space via diffusion 

predominantly through the articular surface (Falchuk, Goetzl, Kulka, 1970, Brighton & 

Heppenstall, 1971, Fig 1.7). At these low oxygen tensions, chondrocytes are well adapted in 

maintaining their phenotype, promoting ECM production and in the regulation of cartilage 

homeostasis (Heywood, Bader & Lee, 2006, Falchuk, Goetzl, Kulka, 1970; Nevo, Beit-Or, 

Eilam, 1988). Oxygen tension is therefore an essential criterion when developing models for 

tissue engineering cartilage in vitro. Furthermore, the presence of reactive oxygen species 

(ROS) are highly involved in the regulation of cartilage homeostasis and have been 

previously found to promote tissue degeneration. ROS exists as molecules, ions or radicals 

which are involved in cell signalling and cell physiology. On exceeding the antioxidant 

capacity of chondrocytes, ROS will induce an ‘oxidative stress’ which promotes alterations in 

cartilage structure and function such as ECM degradation and possibly cell death (Henrotin 

et al., 2005).   

 

1.3.1 Chondrocyte metabolism under inherent hypoxic conditions 
 

At >1% oxygen tension, chondrocytes generate adenosine triphosphate (ATP) via glycolytic 

pathways (Lee & Urban, 1997).  However, RNA synthesis is limited at oxygen tensions <1% 

resulting in the reduction of glucose intake and lactate production (Grimshaw & Mason, 

2000). It has been well documented that the density of mitochondria found in the superficial 

regions of articular cartilage is greater when compared to the deep regions of the tissue 

(Stockwell, 1991). Hence, at higher oxygen levels, chondrocytes have the ability to undergo 

aerobic metabolism, in order to sustain the production of energy (Lane, Brighton, Menkowitz, 

1977). In addition, oxygen consumption is known to be inhibited when chondrocytes are 

supplied with high concentrations of glucose. This effect, known as the ‘’Crabtree effect’’, 

explains the fact that chondrocytes function under hypoxic conditions. Furthermore, previous 

studies demonstrated that although the oxygen consumption by chondrocytes is lower when 

compared to other cell types, potassium cyanide can reduce the oxygen consumption in 

chondrocytes only by 80-90%, suggesting that some percentage of oxygen is still being 

consumed by non-mitochondrial oxidases (Otte, 1991). 

 

 

 

 

 

 

 



Chapter 1 

12 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.2 Oxygen-dependent signalling pathways 

 

It is well established that the molecule, hypoxia-inducible factor-1α (HIF-1α), is expressed by 

a wide range of mammalian cell types including murine epiphyseal chondrocytes, bovine 

and human articular chondrocytes (Pfander et al., 2003, Cramer et al., 2004, Pufe et al., 

2004, Coimbra et al., 2004). It might be proposed that chondrocytes use the same oxygen-

dependent signalling pathways as other cell types. At 21% oxygen tension, HIF-1α 

undergoes hydroxylation in response to an oxygen-triggered mechanism. The process is 

catalysed with the help of the enzyme, prolyl hydroxylase (PHD), in conjunction with Fe2+ 

and vitamin C, which allows it to bind to the von von Hippel-Lindau tumor suppressor protein 

(pVHL), resulting in the enzymatic degradation of the HIF-1α (Safran & Kaelin, 2003). In 

contrast, HIF-1α does not undergo degradation via hydroxylation at 5% oxygen tension. 

Instead, the molecule forms a heterodimer, HIF-1β, which is highly expressed by the 

translocation of HIF-1α into the nucleus of the cell. Following this, the heterodimer then 

binds to the HIF-1 binding sites in hypoxia response elements (HRE) of the DNA and 

consequently activates hypoxia-inducible genes (Schmid, Zhou, Brune, 2004). Previous 

studies have demonstrated these oxygen-dependent signalling pathways (Henrotin et al., 

2005), as indicated in the schematic in Fig.1.8 via the activation of HIF-1α in other cell types 

although many of these pathways have not been identified in chondrocytes. Indeed, at 5% 

oxygen tension epiphyseal chondrocytes showed an upregulation in ECM synthesis via HIF-

1α (Lin et al., 2004, Cramer et al., 2004). Furthermore, HIF-1α has been demonstrated to 

 

8% O2 

1% O2 

Figure 1.7. Oxygen and glucose gradients in articular cartilage. Schematic of the (A) levels of oxygen 

and (B) glucose concentration gradient in articular cartilage (Blanco et al., 2010). 
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regulate ATP levels via glycolysis, making it an essential factor in oxygen-sensitive 

mechanisms in chondrocytes (Pfander et al., 2003).  

 

It has been well documented in tissue engineering studies that low oxygen tension promotes 

the expression of chondrogenic phenotype and the synthesis of cartilage-specific ECM 

components. For example, the expression of type II collagen was greater than that of type I 

collagen in bovine chondrocytes cultured at 5% oxygen tension compared to those cultured 

at 21% O2 (Kurz et al., 2004, Domm et al., 2002). Hypoxia has also demonstrated an 

increase in GAG and type II collagen synthesis in various culture systems in a series of 

studies as detailed in table 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. HIF-1 alpha signalling cascades induced by oxygen tension (Based on Henrotin, 2005). 
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Table 1.1: Effect of various oxygen tensions on ECM synthesis in chondrocytes. 

Species Model system Oxygen tension  Major effect References 
Bovine Chondrocyte pellet or 

microcarrier culture  
 
Microcarrier medium 
change: 
Perfusion/stepwise  
(stirrer speed: 50-80 rpm) 

4, 10.5 and 
21%  
 
 

At each O2 tension / 
bioreactor culture: 
Consumption, 
proliferation rate &lactate 
release on glucose 
consumption (+/-) 
 
(↑) GAG production and 
chondrocyte – lacunae 
structures 

Malda et 
al., 2004a 

Human Chondrocyte pellet culture 5 and 19%  
 

5% O2 (Phase I): 
(↑) GAG, collagen type II, 
HIF-1α. 
(↓) MMP-1, -13 mRNA 
and protein  
 
19% O2 (Phase II): 
(↓) GAG production, 
collagen type II 
(↑) MMPs, (↑) type II 
collagen fragments and 
disorientation of collagen 
fibrils. 
 
5% O2 (Phase II): 
Additional (↑) GAG, 
collagen type II,  
(↓) MMP-13 mRNA and 
protein. 

Strobel et 
al., 2010 

Bovine Chondrocyte/polyurethane 
constructs, dynamic 
compression  and surface 
motion 

5 and 21%  5% / 21% O2: 
(↑) GAG, type II 
collagen/aggrecan 
mRNA 
(↓) type I collagen mRNA 
and protein 
 
Mechanical loading (ML): 
(↑) collagen type II gene 
expression 
No effect on aggrecan 
mRNA level 
 
ML + 5% O2: 
Stable phenotype  
(↓) collagen type I mRNA 

Wernike et 
al., 2008 
 
 

Bovine Chondrocyte/polylactic 
acid constructs 

5 and 20% 
 
 

At both O2 tensions: 
Cell proliferation, 
collagen content (+/-). 
 
5% / 21% O2: 
GAG synthesis rate and 
GAG content  

Saini & 
Wick, 2004 

Human Nasal septum 
chondrocyte, pellet 
culture/bioreactor 

1, 5.25, 21%  
 
 

 1% & 5% Vs 21% O2: 
(↑) GAG and type II 
collagen content 
 
1% Vs 5% O2: 
(↑) type IX collagen  
 
21% Vs 5% & 1% O2: 
(↓) GAG, DNA, type II 
and IX collagen content, 
(↑) type I collagen  

Malda et 
al., 2004b 
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1.4 Effect of mechanical stimuli on cartilage homeostasis   

 

Mechanical loading is known to maintain the functional integrity of articular cartilage, as well 

as regulating joint tissue homeostasis. There has been limited progress in the development 

of long-term, safe and effective therapies for OA disease progression. This is due, in part, to 

the wide range of experimental models which have been used to elucidate the signalling 

pathways induced by mechanical stimuli and pro-inflammatory cytokines. Additionally, there 

is insufficient knowledge on cartilage mechanopathophysiology, such as the manner in 

which mechanical stimuli influences chondrocyte function and matrix synthesis. As a result, 

it is difficult to detect key chondroprotective pathways for the design of new and effective 

treatments for OA.   

 

All tissues of the joint are known to be influenced by mechanical loading via a range of 

mechanical and chemical factors such as joint injury, joint misalignment / instability, obesity, 

genetics, age and impaired muscle function. Also, the nature of mechanical stimuli applied to 

the joint, including its duration and magnitude, affects cartilage matrix turnover. For example, 

the duration and magnitude of mechanical stimuli influences matrix turnover. Collectively, 

studies have shown that the application of moderate mechanical stimuli on various 

experimental models maintained the functional integrity of articular cartilage in addition to 

low matrix turnover. In contrast, non-physiological mechanical stimuli have resulted in 

cartilage degradation and an onset in inflammatory signalling cascades. Thus, the 

identification of the signalling pathways responsible for the mediation of mechanical loading 

is essential in designing novel biophysical therapies which incorporate both anti-

inflammatory agents and defined exercise for OA treatment (Bader, Salter, Chowdhury, 

2011).  

 

It is well known that moderate or physiological mechanical loading maintains joint 

homeostasis and the functional integrity of articular cartilage with a low turnover of matrix 

constituents. Accumulative evidence also suggests that the duration, nature and magnitude 

of mechanical loading also influences the turnover of matrix constituents. As a result, a 

range of approaches have been developed to study the effects of mechanical loading on 

cartilage signal transduction pathways (or cartilage homeostasis) and OA disease 

progression. However, each approach is associated with a range of limitations which makes 

it problematic to determine the exact physiological relevance of the experimental findings. 

This section will examine the protective role of physiological loading in in vitro and animal 

studies as well as describe the intracellular mechanisms which mediate the effects of 

mechanical stimuli. Additionally, the possible use of controlled exercise therapy will be 

discussed in combination with agents for the development of integrated biophysical 

therapies for OA. 
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1.4.1 Effect of physiological loading on cartilage homeostasis 

 

Clinical trials 

 

Mechanical stimuli applied at moderate levels are known to maintain cartilage integrity via 

low matrix turnover (Table 1.2). Individuals that are involved in controlled exercise and 

activities are less likely to develop OA, as dynamic compression is applied to the joints 

within a physiological range (Jordan et al., 2003, Fransen, McConnell, Bell, 2002). Indeed, 

an increase in cartilage thickness, GAG content levels, and joint mobility together with 

decreased joint pain has been reported in OA patients undergoing strengthening exercises 

and aerobic activities (Roddy, Zhang, Doherty, 2005, Jansen et al., 2011, Jansen et al., 

2010, Manninen et al., 2001).  

 

 
Table 1.2: Clinical studies showing the effects of exercise regimens on cartilage health. 

Subjects Intervention / loading 
regime 

Major effect References 

45 subjects who 
underwent partial 
medial meniscus 
resection 3–5 years 
previously 

Supervised exercise 3 
times weekly for 4 months  

(↑) GAG content  
(↓) pain and joint symptoms 

Roos and 
Dahlberg, 
2005 

35 subjects without 
knee OA 

Aerobic walking and 
quadriceps strengthening 
exercise for 18 months 

Normal distribution 
of proteoglycans, 
(↓) pain and disability from 
knee OA 

Roddy et 
al., 2005 

11 randomised 
control trials 

Exercise  (↓) pain and disability Van Baar 
et al., 1999 

805 subjects Cumulative physical 
exercise for low (<6862) or 
high (>8654) hour 

(↓) risk in knee OA Manninen 
et al., 2001 

1279 subjects (+/-) 
OA, middle 
aged/elderly, BMI 
Below/above median 

Recreational walking or 
jogging at low and high 
levels of activity 

High BMI, overweight, 
middle aged, and elderly 
persons: no (↑) in risk of OA 

Felson et 
al., 2007 

 

In a seminal MRI-based study involving patients, who had undergone a partial resection of 

the meniscus, and were subsequently subjected to moderate exercise 3 times per week for 

4 months, results indicated an improvement in GAG content as reflected in the values of 

dGEMRIC (delayed gadolinium enhanced magnetic resonance imaging of cartilage) at 

baseline and follow-up, with results represented as a change in the T1 relaxation time in the 

presence of Gd-DTPA (T1[Gd]). Additionally, there was an increase in activity levels in the 

exercise group compared to that of the control group as indicated in Fig.1.9, suggesting a 

strong correlation between self-reported change in physical activity level and change in 

T1(Gd) as expressed by dGEMRIC. Furthermore, such exercises provided protection for 

cartilage against subsequent degeneration (Roos & Dahlberg, 2005). However, this 

protective mechanism induced by subjecting patients to therapeutic exercises depends on 
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individual factors such as the patient’s body mass index, age, smoking and previous joint 

injury (Felson et al., 2007, Perrot et al., 2009). In clinical trials, it has been shown that 

intense physical activities can be performed by both OA patients and healthy individuals, 

provided these activities do not result in pain or injury to the joint (Vignon  et al., 2006). 

Recreational exercise was shown to be beneficiary to some patients in terms of improved 

joint activity and decreased pain. However, a protective mechanism was not induced by 

recreational exercise nor was the probability of OA occurring increased in healthy middle-

aged or elderly subjects (Felson et al., 2007, Messier, 2010, van Baar et al., 1999, Ettinger 

et al., 1997, Creaby et al., 2010). Nevertheless, the ideal exercise modality including the 

dosage of agents and duration for integrated biophysical therapy has not been clearly 

determined due to variable therapeutic loading regimes and diagnostic techniques 

incorporated into clinical trials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It must be noted that consecutive studies which examined the effect of moderate exercise on 

cartilage properties demonstrated conflicting results (Roos and Dahlberg, 2005, Fransen et 

al., 2002). Indeed, recreational exercise reduced pain and joint disability in certain subjects 

(Table 2). However, in middle-aged and elderly individuals without OA, therapeutic exercise 

did not increase nor protect against the risk of the incidence of OA (Felson et al., 2007, 

Messier, 2010, Van Baar et al., 1999, Ettinger et al., 1997, Creaby et al., 2010). Clearly, 

comparing findings between clinical studies remains a delinquent due to the varying 
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Figure 1.9. Change in the T1 relaxation time in the presence of Gd-DTPA (TA[Gd]). Graph reflecting 

change in the GAG content of the medial femoral condyle of the menisectomized (study) knee, in 

both the exercise group and the control group (n=30), as a function of self-reported change in 

physical activity level during the study period. Bars denote the mean T1(Gd) for each of the 3 groups 

of self-reported change (Roos et al., 2005). 
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diagnostic standards and loading regimens incorporated in these studies. Nonetheless, 

knowledge on the risks and benefits associated with physical activities will provide essential 

information which will have significant impact in clinical practice.  

 

In vivo studies 

 

The application of mechanical loading within the physiological range has generally been 

shown to be beneficial in animal models as evident in Table 3. For instance, an increase in 

GAG content was observed in canine models which were subjected to moderate exercise, 

especially in younger animals (Buckwalter, 1995, Kiviranta et al., 1988). Similarly, enhanced 

cartilage thickness and proteoglycan content were demonstrated in hamster models which 

underwent daily exercise for 6 to 12km/day (Otterness, 1998).  

 
Table 1.3: The effects of physiological joint loading on collagen and proteoglycan content in animal 

studies. 

Beagle dog model Running exercise: 4 km/day, 
uphill, 15 weeks 

(↑) proteoglycan content 
and cartilage 
thickness 

Helminen 
et al., 2000 

Hamster model Running exercise: 6 to 12 
km/day 

(↑) proteoglycan content Otterness 
et al., 1998 

Foal model Conditioning exercise: 
Increased workload by 30% 

(↓) cartilage degeneration 
index 

Van 
Weeren et 
al., 2008 

Rabbit model Increased loading following 
8 weeks of splinting 

(↑) maturation of tissue 
and 
increased collagen 
content 

Saamanen 
et al., 1987 

Rabbit model Running exercise: varied 
age, 15 months exercise 

Improved collagen 
organisation in young 
and reversed OA in older 
animals  

Julkunen et 
al., 2010 

OA rat model Running exercise: 15 km 
over 28 days 

(↓) apoptosis and chondral 
erosions 

Galois et 
al., 2003 

 

One seminal study involving an OA Wister rat model subjected the animals to moderate 

exercise at a constant speed of 300mm/s for 30mins over a 28 day period post ACLT. 

Apoptotic events in the cartilage were assessed by immunostaining of activated caspase 3, 

whereas the severity of chondral lesions graded using Mankin’s scoring (Galois et al., 2003). 

Mankin’s grading score represents a well-established strategy for determining the severity of 

cartilage damage in humans, by assessing the depth and size of cartilage lesions in the 

joint. In effect, Mankin’s score was directly proportional to the loss of cartilage observed 

during assessment of the progression of the disease (Rutgers et al., 2010).  
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Results indicate a significant decrease in both parameters for the experimental group at 

days 14 and 28, as indicated in figure 1.10. The authors extended their study (Galois et al., 

2004) to include a range of exercise levels as shown in figure 1.11. At day 14, slight and 

moderate exercises demonstrated a significant decrease in histological lesions when 

compared to the control ACLT and intense exercise groups. In slight and moderate exercise 

groups, lesions were further reduced at day 28. Proteoglycan depletion and clefts were 

mostly pronounced in ACLT rats and intense exercise groups followed by those subjected to 

slight and moderate exercises respectively (Fig. 1.12, Galois et al., 2004).  
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Figure 1.10. Assessment of chondral lesions in ACLT Wister rat models subjected to moderate 

exercise. Histological grading according to Mankin's score and (B) apoptotic events assessed by 

immunostaining of activated caspase 3 in the control group (open columns) and exercised rats (grey 

columns) that had been subjected to ACLT at days 7, 14 and 28, significant beneficial effect of 

exercise (Galois et al., 2003). 
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In other studies, early joint loading strengthened the collagen network, increased the 

resistance of cartilage against OA and enhanced the maturation of ECM proteins in 

hamsters (Helminem et al., 2000, Julkunen et al., 2010, Saamanen et al., 1987, Van Weeren 

et al., 2008). Collectively, these animal studies suggest that the employment of physiological 

loading regimes improve the load-bearing capacity of articular cartilage, justifying the fact 

that regular exercise over a lifetime will decrease the risk of incidence of OA during later 

stages (Galois et al., 2003, Buckwalter, 1995, Kiviranta et al., 1988, Helminen et al., 2000, 

Julkunen et al., 2010, Saamanen et al., 1987, van Weeren et al., 2008).  
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*p<0.05; **p<0.005 

D14                                     D28 

Figure 1.11. Histological lesions in ACLT and exercised rats (A) Histological lesions according to 

Mankin's score in ACLT rats and those subjected to slight, moderate and intense exercise at days 14 

and 28 (Galois et al., 2004). 

Figure 1.12. Histological sections of articular cartilage from sham-operated joints, ACLT and exercised 

rats. (Upper figures) Hematoxylin-Eosin (H&E) staining evaluating cartilage surface integrity and 

(Bottom figures) toluidine blue (TB) staining revealing proteoglycan content in sham-operated joints 

(arthrotomy without ACLT), ACLT rats and those subjected to slight (ACLT 15min), moderate (ACLT 

30min) and intense (ACLT 60min) exercise (Galois et al., 2004).  
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In vitro studies 

 

The influence of physiological mechanical loading on in vitro studies has long been 

recognised to enhance anabolic signalling pathways and protective properties (Table 4). 

Indeed, the application of physiological mechanical stimuli such hydrostatic pressure, 

stretching, dynamic compression and fluid-induced shear stress at low frequencies ranging 

from 0.01 to 1 Hz on monolayer, 3D biomaterial or explant cultures generally exhibited 

anabolic activities, such as increase in chondrocyte proliferation levels, elevated PG 

synthesis and enhanced gene expression levels of aggrecan, fibronectin and collagen type II 

(Guilak et al., 1994, Sah et al., 1989, Kim, Grodzinsky, Plaas, 1996, Bader, Salter, 

Chowdhury, 2011). As an example, chondrocyte / agarose constructs subjected to 15% 

compressive strain in either a static or dynamic manner showed that proteoglycan synthesis 

depended on the rate of frequency incorporated, with maximum proteoglycan synthesis 

achieved at 1Hz, unlike cell proliferation, quantified by thymidine incorporation, which was 

upregulated for each of the dynamic frequencies ranging from 0.3 to 3.0Hz (Figure 1.13; Lee 

and Bader, 1997). 

 

  

 

 

 

 

 

 

 

 

 

However, direct comparison of findings from in vitro models, such as explant and 3D 

biomaterial cultures, has proven difficult due to the limitations of these model systems. For 

example, the use of explant models makes it problematic to exclude the alterations induced 

by biochemical and mechanical factors which, in turn, influence the intracellular signalling 

pathways and chondrocyte metabolism. Also, 3D chondrocyte / agarose constructs do not 

exactly mimic the in vivo physiological mechanical loading environment of cartilage (Bader, 

Salter, Chowdhury, 2011). Furthermore, the incorporation of various loading modalities, 
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Figure 1.13 GAG synthesis and [3H]-TdR incorporation were measured in mechanically loaded 3D 

chondrocyte/agarose constructs. (A) GAG synthesis and (B) [3H] thymidine ([3H]-TdR) incorporation 

by 3D chondrocyte/agarose constructs subjected to 15% gross strain at frequencies ranging from 0.3 

to 3Hz for 48 hours. The values have been normalized to unstrained control levels (100%). Each 

value represents the mean and SEM of at least 16 replicates from at least two separate experiments. 

Unpaired Student’s t test results indicate differences from control values as follows: *=p<0.05  (Bader 

and Lee, 1997).  
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different culture periods and the time points at which mechanical stimuli is applied to the 

culture system makes it inevitably difficult to compare between in vitro studies (Sauerland, 

Raiss, Steinmeyer, 2003, Chowdhury et al., 2003, Ackermann and Steinmeyer, 2005, 

Steinmeyer et al., 1997). Therefore, evidence justifying the importance of determining the 

optimum mechanical loading properties for the induction of anabolic signalling cascades is 

yet to be achieved. 

Table 1.4. The effects of physiological loading on cartilage metabolism in vitro. 

Species  Model system Loading regime Major effect References 
Human Monolayer Hydrostatic pressure: 1,5 

and 10MPa at 1 Hz for 
durations of 4hr per day 
for 4 days 

(↑) aggrecan and type 
II collagen gene 
expression 

Ikenoue et 
al., 2003 

Human Monolayer Cyclic pressure-induced 
strain: 0.3Hz, 6 hours 

(↑) aggrecan gene 
expression 

Millward-
Sadler et al., 
2000 

Bovine Monolayer Hydrostatic pressure: 
10MPa, 1Hz, 4 days 

(↑) proteoglycan mRNA 
and type II collagen 
mRNA syntheses 

Smith et al., 
2000 

Bovine Explants Cyclic compression: 
1MPa, 0.5 Hz, 3 days 

(↑) proteoglycan 
synthesis 

Steinmeyer 
et al., 1999 

Bovine 
 

Explants 
 

Dynamic compression: 
1MPa, repeated 2 and 4 
sec, 1.5 hr 
 
Dynamic compression: 
2% strain, 0.1Hz for 2 
days with IGF-I 
treatment  
 
Dynamic compression: 
1-5% strain, 1Hz for 8hr 

(↑) proteoglycan 
synthesis and [3H] 
proline incorporation 

Parkkinen et 
al., 1992, 
Bonassar et 
al., 2001, 
Sah et al., 
1989  

Bovine Agarose Dynamic compression: 
3% strain at 0.01 to 1Hz, 
43 days  

(↑) proteoglycan and 
collagen synthesis  

Buschmann 
et al., 1995 

Bovine Agarose Dynamic compression: 
10% strain at 1Hz, 3 x 
1hr on, 1hr off, 5 
days/week for 21 days  

(↑) equilibrium 
aggregate modulus, 
sGAG and collagen 
synthesis 

Mauck et al., 
2000 

Bovine Agarose 
 

Dynamic compression:  
15% strain, 0.3, 1 and 
3Hz, 48 hour  

(↑) cell proliferation and 
proteoglycan synthesis, 
(↓) nitrite release  

Lee and 
Bader, 1997; 
Lee et al., 
1998 

Bovine Agarose: bi-
layered 
structure of 3% 
(wt/vol; bottom) 
and 2% (wt/vol, 
top). 

Dynamic compression: 
10% strain at 1Hz for 
3hr/day, 5 days/week for 
4 weeks 

Day 28: 
(↑) GAG and type II 
collagen in both 2% 
(wt/vol) and 3% (wt/vol) 
layers. 
 
2% Vs 3% (wt/vol): 
(↑) GAG and type II 
collagen in 3% (wt/vol) 
layer compared to 2% 
(wt/vol). 

Ng et 
al.,2006 

Mouse Agarose: 2% 
w/v type VII 
constructs 

Sinusoidal compression: 
10% strain, 1Hz for 1hr 
on, 1hr off, 3 times/day 
for 7 to 28 days at 
intervals of 7 days. 

(↑) type II collagen 
mRNA expression 
levels at days 14, 21 
and 28 with maximum 
increase at day 7. 

Chokalingam 
et al., 2009 

Bovine Agarose: 2% 
w/v constructs 

Sinusoidal shear  strain: 
0.5% strain 

(↑) GAG concentration 
after 28 days 

Miyata et al., 
2008 
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superimposed on 20% 
static compression 
between 0.01 and 0.5Hz 

Canine Agarose: 2% 
w/v type VII 
constructs 

Sliding contact loading at 
5% and 1Hz, 
superimposed on: 
*10% unconfined 
compressive strain or 
*10% tare strain for 
3hr/day, 5 days/week 
 

No significant changes 
in GAG and collagen 
content between all the 
control groups 

Bian et al., 
2010 

Bovine Self-assembling 
peptide 
agarose 
hydrogels 

Sinusoidal unconfined 
compression: 2.5% 
strain superimposed on 
5% static strain offset 
strain at 1Hz; 30min to 1 
hour cycles of 
compression followed by 
FS for 0.5, 1, 3, 5 or 7hr 
for 22 days. 

Day 5 – 14:  
(↓) [3H] proline 
incorporation in 
strained samples 
compared to FS 
samples 
 
Day 10 – 11:  
(↑) GAG content in 
strained samples 
compared to FS 
samples 
 
Day 16: 
Further (↑) GAG 
content in strained 
samples compared to 
FS samples  

Kisiday et 
al., 2004 

Bovine PGA Hydrostatic pressure: 
3.5MPa, 5s on, 15s off 
for 20min every 4hr 

(↑) proteoglycan 
concentration 
No significant increase 
in type II collagen 

Carver et al., 
1999 

Bovine Non-woven 
PGA scaffolds 

Static compression: 10, 
30 and 50% strain for 
24hr 
 
Dynamic compression: 
saw-tooth waveform, 5 
and 50% strain 
superimposed to 10% , 
0.001 or 0.1Hz for 24hr 

static compression at 
10 and 30% strain: no 
effect on GAG 
synthesis 
 
static compression at 
50% strain: (↓) GAG 
synthesis 
 
dynamic compression 
at both 0.001Hz and 
0.1Hz: (↑) GAG 
synthesis 

Davisson et 
al., 2002 

Human PEGT/PBT 
scaffolds 

Sinusoidal compression: 
5% strain, 0.1Hz 
superimposed on 5% 
strain offset, 6 cycles of 
2hr loading for 3 – 17 
days 

(↑) GAG content after 
17 days 
(↓) type I collagen 
mRNA levels after 17 
days 
(↑) type II collagen 
mRNA expression in 17 
days 

Demarteau 
et al., 2003 

Bovine PEG hydrogels Sinusoidal unconfined 
compression: 5 – 20% 
strain, 0.3Hz: 
*25,920 cycles/day 
loading for 1 week (IL) or 
*6,480 cycles /day (1hr 
on, 1hr off, CL). 
 
 

IL loading: 
(↑) AGC and type II 
collagen expression 
levels after 1 week. 
 
(↓) type II collagen 
expression during 1 
week FS, post IL 
loading 
 
CL loading: 
(↑) AGC expression 
levels after 1 week. 

Nicodemus 
and Bryant, 
2010 
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No changes in type II 
collagen expression. 
 

Bovine PEG, PEG-
Fibrinogen (PF) 
and PGE-
Albumin (PA) 
functionalized 
scaffolds 
 
 

Dynamic compression: 
15% strain, 1 Hz for 24hr 
or 28 days 

(↑) GAG production 
and type II collagen in 
all three scaffold types 
in the following order:  
PA > PEG > PF 
 

Appelman et 
al., 2011 

Rabbit Gelatin/chitosan 
scaffolds 

Cyclic compression: 40% 
strain at 0.1Hz for: 
*6hr/day for 3 weeks 
(long term compression) 
or 
*3 or 9hr (short term 
compression). 

3hr short term 
compression: 
(↑) GAG mRNA 
expression levels, type 
I and II collagen. 
 
9hr short term 
compression:  
(↓) Type II collagen 
mRNA expression 
levels. 
 

Wang et al., 
2009 

Porcine Hydroxyapatite 
scaffolds 

Dynamic compression: 
10 and 20% strain, 1Hz, 
3000 cycles/day loading 
with 30 min of rest, 
6hr/day for 14 days 

No significant changes 
in GAG/DNA ratio and 
collagen/DNA ratio 
between strained 
samples and controls. 

Hoeing et 
al., 2011 

Bovine Porous calcium 
phosphate 
(CPP) 
constructs 

Shear strain: 2, 6 and 
12% strain 
superimposed on 5% 
unconfined static 
compression at 1Hz, 400 
or 2000 cycles in 48hr. 
 
Static compression at 
5% strain offset = control 

(↑) proteoglycans and 
collagen in shear 
strained samples 
compared to controls. 

Waldman et 
al., 2003a 

Bovine Porous calcium 
phosphate 
(CPP) 
constructs 

*2%  sinusoidal shear 
strain or 
*5% sinusoidal 
compression of: 1Hz, 
400 cycles/day for 4 
weeks of either: 

(↑) proteoglycan and 
collagen content in the 
following order: 
Shear > compression > 
static culture  

Waldman et 
al., 2003b 

Bovine  Porous calcium 
phosphate 
constructs 

Cyclic compressive 
loading: 9.81mN for 15, 
30 and 60min for a 
period of 1, 8 and 15 
days at 1Hz 

Day 1:  
(↑) proteoglycan and 
collagen content 
 
Day 15: 
(↓) proteoglycan 
content 

Waldman et 
al., 2004 

Bovine Porous PU 
scaffolds 

Shear strain: 5 – 15% 
strain superimposed on 
5% static compressive 
strain at 1Hz 

Day 21: 
(↑) GAG content  
 
Day 35: 
(↑) GAG and type II 
collagen 

Salzmann et 
al., 2009 

 

Taken together, the in vitro studies demonstrate conclusively that the application of loading 

in 2D and 3D models is beneficial in the enhancement of anabolic signalling cascades and 

biosynthesis of anabolic proteins.  
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1.5 Characteristics of diseased articular cartilage 

 

Osteoarthritis (OA) is a progressive, degenerative joint disease characterized by 

deteriorating cartilage. The disease is associated with ageing or individuals who are 

sedentary and/or obese. In the UK, OA affects 15% of the population and costs the NHS £30 

billion each year (Oxford Economics, 2008). OA prevalence increases with age, from 

minimal values for individuals aged between 25 and 34 years to 20-40% occurrence in those 

aged above 70 years (Guccione, 1997, Felson et al., 1987, Hernborg and Nilsson, 1973, 

Lawrence et al., 1966, Bergstrom et al., 1986). The disease is more prevalent in males up to 

the ages of 45 years, although the reverse is evident after this age due to the inhibitory 

effect of estrogen on MMP synthesis in males (Claassen et al., 2010). OA can be 

successfully managed by joint replacement in the elderly population, although this treatment 

will inevitably result in limited functionality and overall physical activity.  
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Figure 1.14. Structural changes in OA disease progression (Giunta et al., 2015). 
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1.5.1 Changes at the tissue level 

 

OA is a multifactorial disease, associated with obesity, age, previous joint injury, 

misalignment, muscle weakness and genetic predisposition (Denisov et al., 2010; Roos & 

Dahlberg, 2005; Troyer, 1982). The disease is characterised by progressive loss of the load 

bearing surfaces and the formation of new osteoarticular tissue at the edges of the joint and 

pain (Moskowitz, 1992 Goldring, 2000a, Aigner and Stove, 2003, Goldring and Goldring, 

2007). The formation of fibrillations at the superficial layer is the initial hallmark of cartilage 

damage which extends to the middle and deep zones of the tissue. An increase in 

proliferation of chondrocytes is observed adjacent to areas undergoing fibrillation, resulting 

in the formation of cell clusters in the diseased tissue (Mankin and Lippiello, 1971). This 

effect may be due to greater accessibility to proliferative factors present in the synovial fluid 

resulting from the loss of integrity of the collagen network (Lee et al., 1993). Proteoglycans 

have also been shown to swell, due to an increase in the water content of cartilage, leading 

to reduced stiffness and enhanced permeability of the tissue. Indeed, as the disease 

progresses there is an overall reduction in both cell number and extracellular matrix content 

(Hulth et al., 1972). Towards the final stages of OA, full thickness loss of cartilage is 

observed (Fig. 1.14), especially in the focal load bearing regions. Such changes can be 

radiologically detected in individuals, as the joint space narrows, particularly in those aged 

65 years with an increase in prevalence of up to 80% in individuals aged over 75 years 

(Arden and Nevitt, 2006). Ongoing alterations in the subchondral bone during the 

progression of the disease include the formation of edema and osteosclerosis (Aigner et al., 

1995; Day et al., 2004). Furthermore, cysts are formed in the synovial fluid from debris 

generated during the breakdown of cartilage and the underlying bone which result in the 

onset of an inflammatory response of the synovium (Goldenberger et al., 1982, Martel-

Pelletier et al., 1999). Cells may sense alterations in charge density, stiffness and osmolarity 

due to ECM damage and, as a result, release mediators which enhance matrix synthesis, 

induce cell proliferation and degradation in an attempt to contribute to tissue repair (Dingle et 

al., 1979).   

 

It is well recognised that the precise cause of OA is complex in nature and involves multiple 

mechanical, biological and biochemical factors (Byers et al., 1977). An increase in thickness 

of the subchondral bone and a lack of tissue lubrication were first thought to be the principal 

causes of OA. Such features led to enhanced breakdown of the articular surface on the 

application of high mechanical loads and friction at the joint surface (Simon et al., 1972; 

Walker et al., 1969). Other studies showed reduced or no expression of lubricin correlated 

with OA pathology, highlighting the significance of protecting the articulating surfaces 

against repetitive and high intensity mechanical loading (Young et al., 2006, Rhee et al., 

2005, Teeple at al., 2008). In addition, alterations in fibrillogensis and degeneration of the 

collagen network leads to OA disease progression (Pelletier et al., 1983; Maroudas, 1976). 
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However, recent studies have started to reveal the molecular processes which may be 

responsible for structural and biochemical modifications during OA. Indeed, degradative 

enzymes and pro-inflammatory cytokines induce an imbalance in cartilage homeostasis, 

resulting in a continuous degeneration of ECM molecules. Consequently, a loss in 

mechanical properties of cartilage, such as stiffness is observed during the application of 

physiological loading regimes. Although the signalling cascades during the early stages of 

OA have not been revealed, identification of these processes may lead to the design of 

novel diagnostic tools and pharmacological therapies that intervene at an early stage of the 

disease, before the initiation of an imbalance of cartilage homeostasis. 

 

1.5.2 Modulation of chondrocyte phenotype during OA 

 

In an attempt to evoke self-repair mechanisms OA chondrocytes increase production of 

collagen (type II, VI, IX and XI) and aggrecan (Lorenz at al., 2005). However, such 

unregulated activities of chondrocytes result in the formation of fibrillations and the 

disorganisation of the ECM (Pritzker et al., 2006). In certain situations, this may lead to an 

induction of type X collagen, collagenase activity and alkaline phosphatase, similar to cells 

present in the hypertrophic region of the growth plate (Von der et al., 1992). Type X collagen 

and MMP-13 are direct transcriptional targets of HIF-2α, which appears in OA cartilage or 

activated by pro-inflammatory stimuli or even in the presence of high oxygen tension (Yang 

et al., 2010; Saito et al., 2010). However, hypertrophic markers are not considered as 

reliable markers for the detection of cartilage degeneration (Brew et al., 2010).  

 

 

 

 

 

 

 

 

 

The expression of SOX-9, a molecule responsible for the expression of aggrecan and type II 

collagen, is rapidly lost in chondrocytes when cultured in monolayer. This may be a 

modulation on the phenotype of chondrocytes due to a change in extracellular environment, 

evident in monolayer or the presence of growth factors, rather than a phase in differentiation. 

However transducing OA chondrocytes with SOX-9 induces the recommencement of ECM 

production (Tew et al., 2005). Nevertheless, even in vivo chondrocytes with restored 

Figure 1.15. Hypothetical model that shows the changes of cartilage, subchondral bone, and synovial 

macrophages during OA development (Siebelt et al., 2014). 
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phenotypic expressions are unable to sustain the growth and remodelling of cartilage which 

already experienced an interrupted autocrine signalling cascade (Dell’accio et al., 2011; De 

Bari et al., 2004). Collectively, these findings suggest that mechanical signals, matrix 

degrading enzymes and pro-inflammatory cytokines have a substantial impact on the 

modulation of chondrocyte phenotype which, in turn, induces an imbalance in cartilage 

homeostasis.  

 

1.5.3 ECM turnover during OA progression 

 

During cartilage homeostasis, MMPs and ADAMTSs (a disintegrin and metalloproteinase 

with thrombospondin motif) play an essential role in maintaining the balance between the 

synthesis and breakdown of extracellular matrix components in an attempt at chondrocytes 

to induce self-repair. During OA progression, there is an observed upregulation in aggrecan 

and type II collagen. However, there is an overall breakdown of matrix proteins in response 

to enhanced MMP activity (Lorenzo et al., 2004; Hermansson et al., 2004). Additionally, the 

increased expression of COL2A1 during the late stages of the disease may prove to be 

ineffective due to the inability of the impaired cartilage to reproduce the same collagen 

organisation achieved during initial cartilage development. 

 

Multiple studies have demonstrated increased levels of MMPs in the OA joint. Indeed, an 

upregulation of collagenases including MMP-1, 8 and 13 mRNAs was found in the superficial 

layer of human OA cartilage. Similarly, gelatinases including MMP-2 and 9 were upregulated 

in the same zone of the tissue. In the middle and deep zones of human OA cartilage, 

enhanced MMP-3 (stromelysin) expression was observed (Tetlow et al., 2001; Freemont et 

al., 1997). Furthermore, increased levels of MMP-3 were demonstrated in OA synovial fluid 

(Lohmander et al., 1993). NITIGE373 and VDIPEN341 aggrecan fragments derived from 

ADAMTS and MMPs, respectively, were present in OA cartilage (Lark et al., 1997). While 

both groups of proteases play an essential role in cleaving aggrecan during the early stage 

of the disease process, previous studies in cartilage explants demonstrated a further 

increase in MMP activity during late stage OA when compared to ADAMTS activity (Little et 

al., 2002). Additionally, synovial fluid obtained from OA joints demonstrated enhanced levels 

of aggrecan fragments during the initial stages of OA, hence suggesting the involvement of 

aggrecanase activity (Sandy et al., 1991).  

 

Initially, ADAMTS-5 was established as the only key aggrecanase in both OA and 

inflammatory models (Glasson et al., 2005; Stanton et al., 2005). Indeed, the presence of 

ADAMTS-5 was revealed using immunohistochemistry in canine cartilage following anterior 

cruciate ligament (ACL) transection. Similarly, ADAMTS-5 was found in cartilage from the 

femoral head of OA patients when compared to healthy controls (Roach et al., 2005; Boileau 

et al., 2007). However, it was shown that knocking down ADAMTS-4 and 5 by RNA 
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interference technology reversed cartilage breakdown implicating the involvement of 

aggrecanases in OA (Song et al., 2007). 

 

However, the nature of catabolic signalling cascades during the early stages of the disease 

process are complex and the subject of much research. For example, the absence of 

syndecan-4 in transgenic mice demonstrated protection from proteoglycan loss, due to 

decreased ADAMTS-5 activity. As syndecan-4 is known to be associated with the phenotype 

of hypertrophic chondrocytes, changes in the cell phenotype may result in an accumulation 

of aggrecanases, consequently leading to early proteoglycan loss (Echtermeyer et al., 2009; 

Bertrand et al., 2010). Nevertheless, the primary catabolic mediators that lead to cartilage 

breakdown during OA pathogenesis are pro-inflammatory cytokines, especially tumour 

necrosis factor alpha (TNFα) and interleukin-1β (IL-1β), which are well known to modulate 

chondrocyte phenotype and activate catabolic signalling cascades, as indicated in the 

schematic in figure 1.16 (Fernandes et al., 2002, Fraser et al., 2003, Goldring and 

Berenbaum, 2004, Kobayashi et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.16. Schematic representation of key pathological events and some of the potential targets 

considered for disease modification in osteoarthritis. 
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1.6 Pro-inflammatory cytokines 

 

Although OA has been regarded as a non-inflammatory disease due to the absence of 

infiltration of active leukocytes into the joint at the early stages of the disease, there is 

compelling evidence that cartilage degradation during OA is a result of an upregulation in 

inflammation induced by chondrocytes (Goldring, 2000b, Pelletier et al., 2001b, Attur et al., 

2002). A large number of clinical and animal studies have demonstrated increased levels of 

pro-inflammatory cytokines and enhanced local inflammation in OA joints, respectively 

(Westacott and Sharif, 1996, Fernandes et al., 2002, Goldring, 2000a, Rai et al., 2008). The 

expression and production of matrix degrading proteases have been shown to be induced by 

elevated levels of pro-inflammatory cytokines in chondrocyte in vitro studies, demonstrating 

the fundamental role of these cytokines (Shlopov et al., 2000, Fernandes et al., 2002). 

Indeed, synovial fluid from dogs subjected to anterior cruciate ligament transection (ACLT) 

demonstrated increased levels of TNFα and IL-6, both of which are essential cytokines in 

OA disease progression (Venn et al., 1993). Similarly, mongrel dogs which underwent 

cranial cruciate ligament transection showed elevated levels of MMP-3, TNFα and its 

receptors (Kammermann et al., 1996).     

  

Previous studies have demonstrated that during OA disease progression, elevated levels of 

cytokines were initially detected in the synovial membrane, followed by the diffusion of these 

cytokines through the synovial fluid into articular cartilage (Sakkas et al., 1998, Martel-

Pelletier et al.,1999). These cytokines and their receptors including IL-1, TNFα, IL-6, IL-1 

receptor type I and IL-1β converting enzyme were also observed to be expressed by 

chondrocytes (Moos et al., 1999, Guerne et al., 1990). Additionally, chondrocytes stimulated 

by diffused cytokines were shown to upregulate MMP expression, prostaglandin E2 (PGE2) 

and nitric oxide (NO) release (Hedbom and Hauselmann, 2002). It is well known that NO 

and PGE2 have the ability to influence chondrocyte homeostasis. The combination of these 

catabolic mediators together with the suppression of ECM synthesis with increased levels of 

cytokines, while promoting cartilage degradation, suggests that OA progression is regulated 

by pro-inflammatory cytokines, even though the disease is primarily believed to be initiated 

by biomechanical factors (Pelletier et al., 2001, Attur et al., 2002).  

 

IL-1β, TNFα, IL-6 and IL-17 are the most relevant cytokines in OA pathogenesis. Increased 

sensitivity of chondrocytes to IL-1β and TNFα may be due to the elevated density of IL-1β 

receptors (IL-1Rs) (Martel-Pelletier et al., 1999) and TNFα receptors (TNF-R1 or TNF-R55) 

on these cells during the disease progression (Martel-Pelletier et al., 1999). These findings 

consequently formed the incentive for the incorporation of inhibitors of IL-1β and TNFα as 

potential therapeutics for OA (Pelletier et al., 1993, Van den Berg, 1999), especially since 

similar inhibitors were employed for the successful treatment of rheumatoid arthritis 

(Weinblatt et al., 2003, Fleischmann et al., 2003), a condition characterised by the elevation 
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of both IL-1β and TNFα. For example, Martel-Pelletier incorporated the use of IL-1R 

antagonist (IL-1Ra) for the suppression of MMP expression induced by exogenous IL-1 in 

chondrocytes, which resulted in a marginal reduction of endogenous IL-1Ra in OA 

chondrocytes (Martel-Pelletier et al., 1999).  

 

1.6.1 The interleukins 

 

In OA joints the presence of both pro-inflammatory cytokines (IL-1, IL-11 and IL-17) and 

regulatory cytokines (IL-6 and IL-8) have been detected, with IL-1, IL-6 and IL-17 being the 

most essential interleukins in OA pathogenesis (Lotz, 2001, Martel-Pelletier et al., 1999). 

 

IL-1 was initially identified only in OA synovium (Towle et al., 1997, Martel-Pelletier et al., 

1999). However, over the years, its importance was further validated through studies 

demonstrating elevated levels of IL-1α and IL-1β in synovial fluid from OA patients 

(Westacott and Sharif, 1996). Both cytokines have also been identified at the articular 

surface of OA cartilage from immuohistochemical studies, with increased levels of IL-1β 

particularly identified in the ECM surrounding OA chondrocytes found in the superficial layer. 

Additionally, maximum levels of IL-1 were found in OA cartilage explants at early stages of 

the disease (Pelletier and Martel-Pelletier, 1989). Similarly, significant levels of IL-1β have 

been observed in the superficial layer of OA cartilage specimens subjected to 

immunostaining, unlike age-matched non-arthritic full thickness cartilage specimens which 

exhibited no traces of IL-1β (Tetlow et al., 2001).  

 

IL-1 is synthesized as a 31kDa inactive precursor, which is proteolytically converted into its 

17kDa bioactive form by the IL-1β-converting enzyme (ICE/caspase-1, Martel-Pelletier, et 

al., 1999). In healthy synovial fluid, Westacott and Sharif found only minimum levels of IL-1, 

especially in its active form (Westacott and Sharif, 1996). In contrast, increased levels of IL-1 

were found in the synovial fluid of OA patients. Interestingly, no presence of the cytokine 

was detected in OA plasma from patients of the same study, suggesting that IL-1 only acts 

locally; thereby changing cartilage metabolism in OA affected joints (Holt et al., 1992). In a 

separate study, the inhibition of type II collagen synthesis was observed in chondrocyte 

monolayer cultures treated with IL-1 (Chandrasekhar et al., 1990). It has been well 

established that low concentrations of IL-1 also induce the expression of ADAMTS and 

MMPs (Tetlow et al., 2001). Indeed, proteoglycan levels were shown to decrease following 

treatment of cartilage explants with IL-1 (Saklatvala, 1987). Additionally, genes associated 

with the modulation of OA chondrocyte phenotype, such as COL2A1 have also been shown 

to be suppressed by IL-1β (Goldring and Goldring, 2004).   
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1.6.2 TNFα  

 

Several studies have implicated TNFα in OA pathogenesis and progression (Fernandes et 

al., 2002). TNFα is synthesized as a membrane bound precursor which is then proteolytically 

cleaved into its bioactive form by the TNFα converting enzyme (TACE), shown to be highly 

expressed in OA cartilage, together with TNFα p55 receptors (Gearing et al., 1994, Attur et 

al. 2002, Martel-Pelletier et al., 1999). In vitro, however, the effects of TNFα on chondrocytes 

are amplified at concentrations produced by OA synovium. This was demonstrated by an 

increase in the level of TNF receptors observed on normal chondrocytes stimulated with 

either OA synovial fluid or culture supernatant from OA synoviocytes (Webb et al., 1997, 

Westacott et al., 2000). Such findings resulted in the suggestion of development of 

therapeutic strategies targeting the suppression of TNFα from binding to its receptors or the 

inhibition of TNFα activation by TACE for the treatment of OA. The activation of p55 

receptors by TNFα was shown to increase synthesis of NO, PGE2, MMPs and cytokines 

such as IL-6, IL-8 that degrade collagen type II, IX and XI and inhibit matrix synthesis in a 

concentration-dependent manner (Lefebvre et al., 1990, Reginato et al., 1993, Campbell et 

al., 1990, LeGrand et al., 2001, Alaaeddine et al., 1999, Gearing et al., 1994, Attur et al. 

2002, Martel-Pelletier et al., 1999). Collectively, these studies demonstrate the importance of 

TNFα in cartilage degradation, a feature which is inevitable in OA disease progression 

(Malemud, 1999, Petterson et al., 2002, Islam et al., 2002, Greenwel et al., 2000).  

 

On binding of the bioactive form of TNFα to TNFR1, the structure of the receptor is altered 

such that the death domain (DD) is activated. This then enables the adaptor protein (TNF 

receptor type 1 – associated death domain; TRADD) to bind to the DD, subsequently 

activating a series of phosphorylation events, which are mediated by mitogen-activated 

protein kinases (MAPK) subtypes such as c-Jun-N-terminal (JNK) and p38 MAPK 

(Garrington and Johnson, 1999). Initially, MAPK kinase kinases (MAPKKK) is activated and 

undergoes phosphorylation, after which it activates MAPKK and then MAPK. Translocation 

of MAPKK and MAPK into the nucleus then occurs, where they regulate the phosphorylation 

of transcription factors such as activating protein-1 (AP-1), involved in  the activation of 

MMP-13 (Lim and Kim, 2011). Studies have demonstrated that IL-1β is also involved in the 

phosphorylation of AP-1 through p38 MAPK and JNK activation, leading to the trans-

activation of MMP promoters (Iwamoto et al., 1990, Ahmed et al., 2003, Tower et al., 2003, 

Muddasani et al., 2007, Im et al., 2007, Sampieri et al., 2008, Lim and Kim, 2011).  

 

Another transcription factor which is known to be activated by TNFα as well as IL-1β is 

nuclear factor kappa B (NF-κB, Yasuda, 2011). Upon activation of this pathway, the inactive 

NF-κB dimers which were previously bound to IκB molecules in the cytoplasm then become 

free to translocate into the nucleus of the cell, following phosphorylation and degradation of 

the IκB molecules by IκB kinases (IKK, Oeckinghaus and Ghosh, 2009, Niederberger and 
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Geisslinger, 2008). Consequently, the transcription of an array of target genes is activated 

by the translocated NF-κB molecules, inhibiting the anabolic activities of chondrocytes and 

inducing the production of several matrix degrading enzymes (Ge et al., 2011, Liu-Bryan and 

Terkeltaub, 2010). As a result, the overall degradation of articular cartilage occurs. 

Additionally, NF-κB molecules have been shown to upregulate the expression of other 

cytokines including IL-1β, TNFα, IL-6 and IL-8 (Saklatvala et al., 1993, Saklatvala, 2007), 

consequently leading to the formation of a positive feedback loop which results in the 

sustained activation of NF-κB (Kapoor et al., 2011). Several in vitro studies have 

demonstrated that TNFα-induced inflammatory effects which are mediated by MAPK and 

NF-κB molecules have been shown to increase proteoglycan depletion, the expression of 

catabolic mediators including MMPs, NO, iNOS, COX-2 and PGE2 and apoptosis in human, 

rabbit, canine or bovine chondrocytes cultured in monolayer, explant or 3D alginate models 

(Sondergaard et al., 2010, Carames et al., 2008, Zwerina et al., 2006, Ulivi et al., 2008; 

Marcu et al.,2010, Little et al., 1999, Sabatini et al., 2000, Gilbert et al., 2002, Goodstone 

and Hardingham, 2002, Kuroki et al., 2005, Sabatini et al., 2001, Schuerwegh et al., 2003, 

Kobayashi et al., 2005, Lefebvre et al., 1990, Reginato et al., 1993, Campbell et al., 1990). 

Furthermore, sustained activation of NF-κB molecules from the positive feedback loop 

results in the induction of other regulatory transcription factors such as HIF-2α, which leads 

to the production of MMP-13 and ADAMTS-5, as mentioned earlier under section 1.5.2. 

These in vitro studies demonstrating the pathophysiological effects of TNFα in cartilage 

correlate with previous animal studies which showed that selective inhibition of iNOS, 

reduced the symptoms of inflammation and biomechanical abnormalities in osteoarthritic 

joints (Pelletier et al., 1999, Pelletier et al., 1996). The importance of TNFα-induced catabolic 

effects is also evident in clinical studies, which demonstrated enhanced TNFα levels in OA 

joints and synovial fluids obtained following anterior cruciate ligament rupture (Cameron et 

al., 1994, Irie et al., 2003).  

 

1.6.3 Cytokines activate protein kinase signalling  

 

Advances in our understanding of the signal transduction pathways associated with 

cytokines has created a platform upon which these signalling cascades can be identified as 

novel potential targets for the development of OA therapies. Indeed, the response of 

chondrocytes to pro-inflammatory cytokines is regulated by signal transduction pathways. 

For example, an upregulation in iNOS and MMP expression together with an augmented 

increase in cytokine production was observed in chondrocytes stimulated with IL-1 and 

TNFα (Malemud, Islam and Haqqi, 2003, Ridley et al., 1997). Human chondrocyte 

monolayer cultures stimulated with IL-1 and TNFα demonstrated the activation of mitogen-

activated protein kinases (MAPKs) and their subtypes: p38 kinases and c-Jun N-terminal 

kinase (JNK)-1 and JNK-2 time dependently. Additionally, extracellular signal regulated 

kinase (ERK) was shown to be activated by TNFα (Geng, Valbrecht and Lotz, 1996). In an 
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extended study, MAPKs and their subtypes: JNK, p38 kinases, including ERK were 

activated dose and time-dependently on treating rabbit articular chondrocytes with IL-1. 

However, JNK was observed to be favourably stimulated upon treatment with TNFα (Scherle 

et al., 1997). As such, it is worth examining the extent to which MAPKs are activated in 

response IL-1 and TNFα and whether it is a result of variations in the species of 

chondrocytes incorporated and/or the level of protein kinase activation.  

 

Although several studies have proven that protein kinases can be activated by pro-

inflammatory cytokines, it has also been well documented that cytokines and other catabolic 

mediators can be regulated by upstream protein kinases. For instance, MAPKs have been 

shown to regulate MMPs, prostaglandin synthase and IL-6 selectively, along with IL-1 

activity (Ridley et al., 1997). Another study revealed that IL-1 and TNFα were regulated by 

p38 kinase and JNK, which in turn upregulated the expression of MMP-1, -3 and -13 (Liacini 

et al., 2002, Ahmed et al., 2003). Additionally, NO release in OA chondrocytes was found to 

be regulated by various protein kinases, including MAPK-activated protein kinase 

(MAPKAPK), which may also be accountable for iNOS expression (Martel-Pelletier et al., 

1999).      

 

1.6.4 Regulation of MMP gene expression by cytokines 

 

TNFα and IL-1β are essential regulators of MMP expression and enzyme protein synthesis, 

which are involved in the disruption of cartilage and synovium homeostasis during OA 

disease progression (Shlopov et al., 1997, Malemud et al., 2003, He et al., 2002). Recent 

studies demonstrated the induction of ECM degradation by IL-1β and TNFα in OA cartilage 

explants. However it was also observed that these two cytokines were not always co-

expressed (Barakat et al., 2002). IL-1β and TNFα were also implicated in the upregulation of 

MMP expression. However ADAMTS-4 was specifically stimulated by IL-1 in bovine 

chondrocytes, including articular and nasal cartilage explants (Martel-Pelletier et al., 1999, 

Pratta et al., 2003). The MMPs which are crucial in OA pathogenesis include: MMP-1, -3, -8, 

-9 and -13 along with aggrecanases which belong to the ADAMTS family. Some of the ECM 

components of cartilage capable of being degraded by MMPs include collagen, link protein, 

proteoglycans and fibronectin which are all vital in cartilage function. Aggrecan and versican 

have also been shown to be substrates of cytokine-induced MMP-3, -8, -13 and 

aggrecanases (Malemud, 1999, Malemud et al., 2003).    

 

Although there is substantial interest in determining how and which cytokines modulate 

MMP expression, the mechanisms by which activated MMPs are suppressed by tissue 

inhibitor of metalloproteinases (TIMPs) and other MMP inhibitors is also of great importance. 

TIMPS are regulators of activated MMPs (Smith, 1999). Four types of TIMPS primarily exist 

in human tissues, namely: TIMP-1, TIMP-2, TIMP-3 and TIMP-4, with TIMP-4 being the 
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most relevant in OA joints. In OA cartilage, Huang et al demonstrated elevated levels of 

TIMP-4 when compared to healthy cartilage, suggesting that the regulation of MMP activity 

is mostly mediated by TIMP-4 in OA joints (Bigg et al., 1997, Huang et al., 2002). As such, 

studies suggesting OA disease process to be a result of an MMP/TIMP imbalance (Martel-

Pelletier et al., 1994) need to be re-examined. 

 

1.6.5 Induction of nitric oxide and apoptosis by cytokines 

 

Nitric oxide is one of the major catabolic mediators of OA. Clinical studies have 

demonstrated increased levels of NO, reactive oxygen species (ROS) and nitrates released 

by OA cartilage into the synovial fluid and serum of OA patients (Karan et al., 2003), due to 

an upregulation of inducible nitric oxide synthase (iNOS; Martel-Pelletier and Pelletier, 

2010). Elevated levels of the catabolic mediator are also present in OA synovium, capable of 

activating cartilage MMPs (Murrell et al., 1995, Grabowski et al., 1997). Another essential 

catabolic mediator of OA is cyclooxygenase-2 (COX-2), which has been shown to be highly 

expressed together with its product PGE2 (Murakami et al., 2000, Vane and Botting, 1998a). 

In human OA cartilage explants, increased levels of PGE2 were shown to be in correlation 

with enhanced expression of COX-2 (Amin et al., 1997). Consequently, increased 

chondrocyte apoptosis was observed, leading to enhanced cartilage damage (Notoya et al., 

2000, Pelletier et al., 2001a, Goldring and Berenbaum, 2004). These studies suggest that 

concentrations of PGE2 similar to those secreted during inflammation increase chondrocyte 

apoptosis and cartilage degradation (Amin et al., 1997, Attur et al., 2008). In contrast, low 

concentrations of PGE2 have been shown to induce anabolic events (DiBattista et al., 1996) 

and inhibit of MMP-1 and -13 mediated activities in certain studies (Tchetina et al., 2007).  

 

Cytokines are well known to regulate NO production. An upregulation of iNOS was recently 

demonstrated in lipopolysaccharide (LPS), TNFα and IL-1β treated chondrocytes, which led 

to enhance NO production and apoptosis (Maier et al., 1994, Blanco et al., 1995). Similarly, 

TNFα has been observed to increase NO levels as well as superoxide production in both OA 

synoviocytes and chondrocytes (Ahmadzadeh et al., 1990, Maier et al., 1994). Additionally, 

in human OA chondrocytes, elevated levels of NO release were induced by IL-1β and IL-17 

(Singh et al., 2002). An upregulation in the expression of iNOS was observed in OA cartilage 

when compared to RA or healthy cartilage (Melchiorri et al., 1998; Amin et al., 1995), 

resulting in post-translational modifications of the type II collagen network (Hughes et al., 

2010). Apoptosis has proven to be the primary cause for the limited self-repair capabilities of 

OA cartilage (Malemud et al., 2003). Apoptosis induced by NO release has been associated 

with PGE2 production via the expression of COX-2 (Notoya et al., 2000). Nevertheless, NO-

induced apoptosis by sodium nitroprusside has been shown to be inhibited by TNFα-

stimulated COX-2 expression (Relic et al., 2002).      
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Collectively, these studies suggest that the inhibition of pro-inflammatory cytokine-induced 

catabolic mediators such as MMPs, NO and PGE2 is of utmost importance in OA treatment. 

It has been well documented through numerous in vitro and animal studies that the inhibition 

of IL-1 by the human recombinant IL-1 receptor antagonist (IL-1Ra) – anakinra, results in 

positive effects on the structural integrity of cartilage. Indeed, in canine OA models, intra-

articular injection of anakinra resulted in the downregulation of collagenase activity and a 

reduction in the development of both cartilage lesions and osteophytes, when compared to 

placebo treated models (Caron et al., 1996). However, the use of the IL-1Ra in multi-centre 

trials for the treatment of OA did not have any substantial effect on the turnover of cartilage 

ECM and knee pain (Chevalier et al., 2009), unlike its use in RA patients, which noticeably 

reduced cartilage erosion and joint pain (Jiang et al., 2000). Furthermore, knock down of IL-

1, iNOS, IL-1 converting enzyme or stromelysin-1 in surgically induced OA mice models 

resulted in the rapid generation of cartilage lesions, suggesting that the presence of low 

concentrations of IL-1 is essential for the maintenance of normal ECM turnover (Clements et 

al., 2003). Indeed, a decrease in NO release and a regulation in PGE2 levels were observed 

together with an increase in IL-1Ra synthesis in IL-1 stimulated human articular 

chondrocytes when treated with the nonsteroidal anti-inflammatory drugs (NSAIDs): aspirin 

and aceclofenac (Maneiro et al., 2001). Similarly, in human OA cartilage explants, an 

increase in the synthesis of IL-1Ra was observed on incorporating the iNOS inhibitor, 

1400W (Vuolteenaho et al., 2003).  
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Table 1.5: The effects of TNFα and/or IL-1β on the production of catabolic mediators in chondrocytes. 

Species Model system Treatment Cytokines 
Upstream activators Mediators 

Cell response Reference 
MAPK NF-κβ NO  PGE2 MMPs 

Canine Surgically induced OA 
(transection of cranial 
cruciate ligament) 

- (↑) TNFα     (↑) MMP-3  Kammermann 
et al., 1996 

Bovine 3D co-culturing of 
human RA synovial 
fibroblasts with bovine 
cartilage explants 
embedded in agarose 

TNFα 
(10ng/ml) 
and/or IL-1β 
(5ng/ml).  
14 days 

(↑) IL-6 
(↑) IL-8 

    (↑) MMP-1, 
3  

(↓) ECM content Pretzel et al., 
2008 

Murine LPS treated mice 
 
Adjuvant-induced 
arthritic (AIA)-induced 
male Lewis rats 

-  (↑) TNFα  
(↑) IL-6  

(↑) p38-
MAPK  

    (↑)GAG loss 
(↓) Bone mineral 
density  
(↓) bone content 
  

Badger et al., 
2000 

Human Umbilical vein 
endothelial cells 
(HUVEC) 

TNFα 
(50ng/ml),  
15-30 min 

 (↑) ERK, 
p38 MAPK, 
JNK  

     Zhou et al., 
2007 

Murine Prechondrocyte or 
mature chondrocyte, 
monolayer culture 

TNFα 
(30ng/ml), 
72hr 

 (↑) 
ERK/MAPK 

(↑) NF-κβ     (↓) types I and II 
collagen 
(↓) link protein  

Seguin & 
Bernier, 2003  

Human Fibrosarcoma cells or  
wild-type mouse 
embryonic fibroblasts 
(MEFs) monolayer 
culture 

TNFα 
(20ng/ml), 
30min 

  (↑) NF-κβ      (↓) cell viability Varfolomeev 
et al., 2008  

Human OA synovial fibroblasts TNFα 
(5ng/ml),  
48hr 

  (↑) NF-κβ  (↑) COX-2 
(↑) PGE2  

   Alaaeddine et 
al., 1999 

Human Chondrocyte/alginate 
beads  
 
 

TNFα or IL-
1β 
(10ng/ml), 
72hr  

  (↑) NF-κβ   (↑) COX-2 (↑) MMP-9 (↓) type II 
collagen  
(↓) integrin 1β 
receptor 
expression 

Mehdi et al., 
2007  
 

Porcine Chondrocyte 
monolayer 

TNFα 
(100pg/ml) 
and/or IL-1β 

   (↑) NO  
(↑) iNOS  
TNFα > IL-

  (↓) aggrecan 
synthesis  
(↑) HA  

Goodstone 
and 
Hardingham, 
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(5000pg/ml) 
for 72hr. 

1β 
 

(↑) HA  
synthase-2 
TNFα = IL-1β 

2002 

Bovine Chondrocyte 
monolayer  

IL-1α at 0.1, 
1, 10 and 
100ng/ml 
and, TNFα 
(100ng/ml) 
for 48hr. 

   (↑) NO 
production 

  (↓) cell viability 
and  
(↓) proliferation 
at 100ng/ml 
(↑) apoptosis 

Schuerwegh 
et al., 2003 

Canine Chondrocyte 
monolayer and  
alginate beads  

IL-1β 
(100ng/ml) 
and / or 
TNFα 
(50ng/ml),  
6 to 72hr 

(↑) IL-1β 
(↑) IL-6, 8 
(↑) GM-
CSF  
(↑)TNFα   

  (↑) iNOS 
(↑) NO  

(↑) COX-2 
(↑)  PGE2  

(↑) MMP-3, 
13 (↑)  

(↓) collagen type 
II  
(↓) aggrecan  

Rai et al., 
2008 

Human OA menisci explants IL-1β and/ 
or TNFα 

   (↑) NOS-2 
expression, 
(↑) NO 
release 
further with 
either 
cytokine 

(↑) COX-2 
expression 
(↑) PGE2 
production 
further 
with either 
cytokine 

  LeGrand et 
al., 2001 

Human Chondrocyte 
monolayer 
OA chondrocytes 

TNFα 
(200U/ml) 
and/ or IL-
1α 
(100U/ml)  

(↑) IL-6 
(↑) IL-8 

  (↑) NO  (↑) MMP-1 
(↑) MMP-3 

No change in 
chitonase-like 
protein 

Dozin et al., 
2002 

Human Chondrocyte 
monolayer 

TNFα 
(10ng/ml) 
and / or IL-
1β (5ng/ml) 
for 24hr  

    (↑) PGE2 
production 

 (↑) apoptosis, 
(↑) DNA 
fragmentation, 
(↑) condensed 
nuclei 

Carame´s et 
al., 2008 

Human Chondrocyte 
monolayer 

TNFα (10-8 

M) 
    (↑) PGE2 

production 
 Cartilage 

resorption 
Bunning & 
Russell, 1989 

Bovine Explants TNFα (50–
100 ng/ml) 
for 24hr 

     (↑) pro- 
and active 
MMP-2, 9 
synthesis  

(↑) proteoglycan 
release, cell 
death 

Gilbert et al, 
2003 
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Figure 1.17. Schematic of signalling pathways induced by pro-inflammatory cytokines. 
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1.7 Extracellular matrix fragments 

 

During OA disease progression, the presence of enhanced levels of fibronectin (FN) in both 

cartilage tissue and synovial fluid may be a result of increased synthesis and retention of FN 

in the ECM (Clemmensen and Andersen, 1982, Miller et al., 1984; Brown and Jones, 1992; 

Wurster and Lust, 1984; Wurster et al., 1986; Wurster and Lust, 1985; Wurster et al., 1986). 

These elevated levels of FN in the ECM are eventually reduced due to metabolic burden on 

chondrocytes, leading to the production of fibronectin fragments (FN-fs). FN-fs are also 

capable of being produced by MMPs present in the synovial fluid during moderate cartilage 

degradation, leading to the break down of FN into fragments, which result in the generation 

of FN-f concentrations similar to those found in OA synovial fluid (Homandberg et al., 1998). 

These FN-fs then penetrate the tissue and bind to the pericelluar matrix (Xie and 

Homandberg, 1993, Homandberg et al., 1992), inducing a series of catabolic activities. 

These FN-f-induced catabolic activities are mediated by matrix proteases, including MMP-1, 

-3 and -13 as well as pro-inflammatory cytokines such as IL-1 and TNFα, consequently 

leading to cartilage breakdown and progression of tissue lesions (Mehraban et al., 1998), 

hence forming a positive feedback loop of tissue degradation. These studies suggest that 

FN-fs are involved upstream of the OA disease process, compared to pro-inflammatory 

cytokines and other catabolic mediators which act downstream of the diease process. As 

such, this ’stand alone’ chapter elucidates the effects of extracellular matrix fragments, with 

particular reference to FN-fs and collagen fragments (Col-fs), in chondrocyte metabolic 

activities activities for the identification of key targets for OA therapy. Figure 1.18 is a 

schematic illustrating the role of matrix fragments in the early and late stages of OA. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.18. Schematic of events involved in early to late stage osteoarthritis. 

 

Chondrocytes present in the damaged extracellular matrix will either amplify the catabolic 

processes and contribute to changes in tissue remodelling or enhance anabolic pathways 

which initiate reparative signals. The catabolic/anabolic effects in damaged cartilage are 

dependent on the concentration of matrix fragments and phase of the OA disease process. 
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Indeed, low concentrations of matrix fragments induce anabolic activities, in contrast to high 

concentrations which enhance catabolic processes. FN-fs are well recognised as key 

mediators which derive catabolic processes in cartilage. In clinical studies, FN-fs were found 

in both rheumatoid and osteoarthritic cartilage tissues and injection of FN-fs into rabbit knee 

joints exert catabolic effects mediated by matrix MMPs and cytokines such as IL-1. For 

example, Griffiths et al., (1989) detected the presence of FN-fs ranging between 24kDa to 

200kDa in RA and OA synovial fluids. Matrix fragments serve as sensors during cell 

metabolism and play an essential role in initiating pathways either for facilitating 

degeneration or enhancing reparative signals. The latter might be either a product of a 

secondary effect of cartilage degeneration or related to the manner of fragment signalling.  

 

Although different types of FN-fs are involved during cartilage degeneration, the amino 

terminal 29kDa FN-f, was found to be the most potent in contributing to matrix degeneration 

in human cartilage (Homandberg et al., 1998). Other fragment systems are additionally 

involved in the regulation of cartilage homeostasis, including Col-fs derived from type II 

collagen and hyaluronan fragments (HA-fs). These fragment systems demonstrate catabolic 

activities, but have less potent effects compared to FN-fs, and may indeed act similarly in 

the manner in which the pathways are regulated. However, very little is known about the way 

in which these fragment systems induce signalling cascades in normal and diseased 

cartilage. Furthermore, the question on whether these systems significantly overlap with the 

pathways induced by FN-fs are unreported. 
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1.7.1 Effect of FN-fs in cartilage breakdown and osteoarthritis 

 

The levels of FN were reported to increase in animal models which represent OA and 

human cartilage explants (Miller et al., 1984; Brown and Jones, 1992; Wurster and Lust, 

1984; Wurster et al., 1986; Wurster and Lust, 1985; Wurster et al., 1986). This increase may 

be due to both elevated synthesis and retention of FN in the ECM, in an attempt to induce 

self-repair. Nevertheless, these elevated levels of FN eventually decrease due to metabolic 

burden on the chondrocytes. It has also been well documented that the levels of FN are 

enhanced significantly in synovial fluid from 171μg/ml to 568 and 721μg/ml during OA and 

RA, respectively (Scott at al., 1981, Carnemolla at al., 1984). 

 

An increase in the level of FN mostly results in the enhancement of FN-fs in both cartilage 

tissue and synovial fluid during disease progression. Elevated levels of FN-fs have also 

been observed in both RA and OA synovial fluid (Clemmensen and Andersen, 1982). The 

FN-fs detected in OA synovial fluid had a total mass ranging between 30kDa and 200kDa 

(Xie et al., 1992). In human OA cartilage, the 29kDa amino-terminal FN-fs (NH2-FN-fs) were 

largely detected in tissue extracts with specific antibodies (Homandberg et al., 1998, Zack et 

al., 2006). Other studies have confirmed the presence of FN-fs ranging between 24kDa and 

200kDa, which represent most of the entire portion of FN in the cartilage tissue. Such levels 

of FN-fs have been found in cartilage damaged by trauma, OA, RA and also in infected 

synovial fluid (Griffiths et al., 1989).  

 

FN-fs found in synovial fluid could arise from synovium, cartilage or plasma FN. The 

presence of alternatively spliced FN isoforms, which are tissue specific, has also been 

reported. However, synovial fluid contains more than one form. The levels of FN isoforms 

synthesized in synovial fluid and cartilage tissue vary considerably from those formed in 

other tissues. In cartilage tissue, enhanced levels of an ED-b[+] form and cartilage specific 

isoforms, [V+C]- are detected, which lack considerable segments found in isoforms of other 

tissues (Wurster et al., 1997). These findings were similar to observations made in canine 

OA models, in which levels of ED-b[+] elevated throughout the ECM of the cartilage (Zhang 

et al., 1995). In addtion, an escalation of the same isoform was detected at the RNA in in 

human OA cartilage (Rencic et al., 1995). In contrast, the types of FN isoforms found in 

human OA synovial fluid include synovial fluid isoform and ED-a[+] isoform, (Hino et al., 

1995) with the latter being present only at basal levels (Rencic et al., 1995). Accordingly, 

FN-fs found in synovial fluid may theoretically be derived from cartilage, synovial fluid as well 

as plasma FN. Despite the presence of several types of FN isoforms in synovial fluid, the 

origin of the fragments cannot be distinguished from one another as these isoforms have a 

conserve sequence in the amino terminus. This was confirmed by testing the activities of 

FN-fs derived from bovine cartilage, plasma and synovial fluid and revealing that all the FN-
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fs were equally active during chondrolysis. It can therefore be established that the activity of 

FN-fs are independent of FN isoform or tissue origin.   

 

The 140kDa FN-f consists of an RGD sequence which varies from those existing in other 

isoforms, due to the presence of its alternately spliced regions. However, the 140kDa FN-f is 

assumed to be as dynamic as its counterpart from synovial fluid or cartilage tissue 

(Homandberg et al., 1998). In addition to this, it was demonstrated that FN-fs were produced 

via moderate cartilage degradation to levels found in OA synovial fluids (Homandberg et al., 

1998). Elevated levels of FN-fs increase MMP-1, 3 and 13 levels leading to collagen and 

fibronectin degradation and activation of catabolic activities. However, the pathways will 

change during the OA disease process.  

 

FN-fs from different species/models mediate catabolic effects (Table 1.6). The activities of 

the fragments are independent of the type of proteinase used to generate the FN-fs. This is 

due to the fact that similar domains are obtained irrespective of the specific bonds cleaved. 

For example, FN-f mixtures generated by thrombin and cathepsin D are as active as those 

obtained from human plasma via MMP-3. FN-fs obtained from bovine cartilage, plasma or 

synovial fluid are equally active. FN-fs derived from OA synovial fluids have proven to be 

damaging, since the cartilage damaging capabilities of the resultant synovial fluid mediate 

catabolic effects (Homandberg et al., 1998). Indeed, in OA animal models MMP-3 levels 

were enhanced in synovial fluids resulting in cartilage breakdown and progression of tissue 

lesions (Mehraban et al., 1998). Synovial MMPs may therefore breakdown FN into 

fragments which penetrate the tissue and bind to the pericellular matrix leading to cartilage 

degradation (Xie and Homandberg, 1993, Homandberg et al., 1992). Several studies 

performed by Homandberg et al. demonstrated that to cartilage degradation increased 

MMPs, a brief decrease proteoglycan synthesis by up to 50% (Xie et al., 1993, Xie et al., 

1994) and an elevation in the rates at which proteoglycan content was lost from cartilage 

explants (Homandberg and Hui., 1994, Homandberg and Wen, 1998, Homandberg et al., 

1992). Similar observations were found in other cartilage explant studies in which FN-fs 

induced explants released more than 50% of the entire proteoglycan content into serum 

within few days. The concentrations of FN-fs incorporated were similar to those detected in 

OA synovial fluid (Xie and Homandberg, 1993, Xie et al., 1993). It has been recently 

established that since the native precursor of FN-f is inactive, FN-fs are generated via 

proteolysis of FN. Also, it has been proven that FN-fs do not function as proteinases, as they 

require metabolic energy, protein synthesis as well as mRNA for their catabolic activities to 

proceed (Homandberg et al., 1992). Evidence of attempted repair by FN-fs in cartilage 

explants have been identified by studies in which the rates of proteoglycan synthesis 

increased up to 140% of the control values on the removal of FN-fs from the culture media. 

Despite this, proteoglycan content did not return to their normal values. FN-fs may attempt to 

repair. However, success was not achieved under such circumstances (Homandberg and 

Hui, 1994, Homandberg and Wen, 1998).   
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In order to study the dose response effects of FN-fs on cartilage metabolism, two types of 

protocols were initially used by Homandberg et al: the incorporation of (i) serum-free media 

and (ii) serum supplemented media. The first was used in order to determine the rates 

constants of proteoglycan and their release into media (Homandberg et al., 1992; Xie and 

Homandberg, 1993, Xie et al., 1994), providing information on the kinetics of matrix 

degradation. Such measurements were possible due to the greater proteolytic response 

created by serum-free cultures. In contrast, the later protocol was incorporated in order to 

carry out longer term cultures, so that information on steady state metabolism will be 

provided, demonstrating the activity of FN-fs in more physiologic conditions. This was 

achieved by the significantly reduced rate of proteoglycan depletion provided by the serum 

supplemented media, which also allowed cartilage to express anabolic responses to 

degeneration. With these conditions, it was observed that at the lowest concentrations of 

1nM 29kDa FN-fs, there was an immediate elevation in the rate of proteoglycan synthesis 

together with a rise in the proteoglycan content as shown in Fig. 1.19A. On increasing the 

FN-fs concentration by a factor of 10, a decrease in the proteoglycan content was detected, 

but with a delay. Between 10 to 100nM of FN-fs concentrations, proteoglycan synthesis 

decreased, followed by a gradual restoration of its rate of synthesis, leading to significantly 

high levels of proteoglycan (Fig. 1.19B; Homandberg and Hui, 1994, Homandberg and Wen, 

1998). 
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Figure 1.19. Biphasic effects of FN-fs on proteoglycan content (A) and proteoglycan synthesis (B). 

Cartilage explants were treated with 1, 10 or 100nM 29kDa FN-f continuously with media changes 

every other day. At intervals, cartilage was subjected to papain digests and measurement of 

proteoglycan content by DMB assay (left). Similar cultures were subjected to 35S labelling to 

determine rates of sulphated proteoglycan synthesis (right) (Homandberg et al., 1994, Homandberg 

et al.,1998).  
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Table 1.6: Effect of different sized FN-fs on cartilage degeneration. 

Species / model system Fragment type Major effects Reference 
Bovine, explants and 
monolayer 

29kDa FN-f  (100 nM) 
() iNOS expression, NO, MMP-1, 13 production. 
Proteoglycan depletion.  

Pichika and Homandberg, 
2004  

Bovine, explants and 
monolayer  

29 and 140kDa FN-f 
() IGF BP-2, 3, 5 in monolayer.  
Release of IGFBP-2 and IGF-1 in explants 

Purple et al., 2002  

Human OA and RA, explants 40kDa COOH-FN-f 
()NO production via CD44  
() MMP-1, 2, 9, 13 

Yasuda et al., 2003 

Rabbit, explants and 
monolayer 

FN-f containing 
alternately spliced 
domain 

()Proteoglycan release from explant culture; 
() IL-1α and IL-1β prior to () MMP-1 gene expression  

Saito et al., 1999  

Bovine, explants 
50kDa gelatin-binding 
FN-f, COOH-FN-fs  

() type II collagen cleavage by collagenase; 
() production of proMMP-3,13 and proteoglycan 
depletion 

Yasuda and Poole, 2002   

Porcine, explant and 
monolayer 

45kDa COOH or gelatin 
binding FN-f 

() MMP-3 and 13, aggrecanase activity Stanton et al., 2002  

Human, monolayer 29, 50 or 70kDa FN-f  Upregulation of TLR-1, 2 and 5. Su et al., 2005  

Bovine, alginate beads 29kDa FN-f or IL-1α 
Dose- and time-dependent inhibition of proteoglycan 
synthesis and ()CD44 expression 

Chow et al., 1995  

Human, monolayer 
 
 

120kDa FN-f  
 

Elevation of MMP-13 and p38 MAPK Forsyth et al., 2002  

Human and bovine, explants; 
In vivo OA rabbit model 

29kDa FN-f 
()cytokines, MMPs and () proteoglycan content; 
Enhanced cleavage of aggrecanase epitope 

Homandberg et al., 1997, 
Kang et al., 1999  

Human, explants,  
FN-fs derived from cartilage 
and synovial fluids 

29kDa FN-f (0.1-1 μM) 
() MMP-3, IGF-1, IL-1β, IL-1α, IL-6, IGF-I, TGF-β, 
TNF-α. 50% reduction in proteoglycan content  

Homandberg et al., 1996, 
Homandberg et al., 1997, 
Homandberg et al., 1998  

Human, monolayer 110kDa FN-f () IL-6, IL-8, and chemokines via NF- B Pulai et alk., 2005  

Rheumatoid synovial cells, 
monolayer 

COOH-terminal 
Heparin-binding FN-fs 

() MMP-3, 13 Yasuda et  al., 2003 

Rabbit, monolayer 110kDa FN-f () MMP-3  Arner and Tortorella., 1995 

Fibrocartilaginous cells, 
monolayer 

120kDa FN-f ()MMP-1, 3 Hu et al., 2000  

Human, monolayer 29kDa FN-f () NO, IL-1 via FAK and p38 MAPK Gemba et al., 2002 

Bovine, agarose  29 and 40kDa FN-f ()NO, iNOS, COX-2, PGE2, MMP-3, 13 and IL-1 
Raveenthiran and 
Chowdhury, 2009 
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High concentrations of FN-fs ranging between 0.1 and 1μM had substantial effects at day 7 

culture (Fig.  1.20A & 1.20B), which included enhanced levels of IL-1β, IL-1α, IL-6, MMP-3, 

TNFα, IGF-I and TGFβ as shown in (Fig. 1.20C; Homandberg et al., 1996, Homandberg et 

al., 1997). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the above findings it can be derived that at low concentrations of FN-fs, anabolic repair 

processes are activated, whereas catabolic insults result from elevated levels of FN-fs. 

However, as catabolic processes diminish, anabolism predominates once again, leading to 

enhanced levels of proteoglycan content and increased rates of proteoglycan synthesis. 

 

It is well known that there is an upregulation of proteinases during cartilage breakdown. 

Examples of the types of proteinases detected during cartilage degradation include: MMP-1, 

-2, -3 -9 and -13. Emphasis is directed mainly towards MMP-3 since it contributes 

significantly to the degradation process (Bewsey et al., 1996). This was confirmed by studies 

in which FN-f treated bovine cartilage explants showed a decrease in the rate of cartilage 

damage when supplemented with MMP-3 specific antibodies (Xie et al., 1994). An 

Figure 1.20. Correlation of cartilage proteoglycan content (A) with MMP-3 release (B) and cytokine/ 

factor release (C) with high FN-f. Cartilage explants were treated with 100nM 29kDa FN-f continuously 

with media changes every other day. In (A), cartilage proteoglycan content was measured in explants; 

in (B), MMP-3 (stromelysin) was measured by ELISA and in (C), cytokines and growth factors in the 

media were measured by ELISA (Homandberg et al., 1996, Homandberg et al., 1997).  
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upregulation in MMP-3 was observed in human cartilage explants on culturing them in 

DMEM supplemented with 10% serum for 2 days with 100nM 29kDa, when compared to 

untreated controls. This difference was identified in Paraffin embedded sections stained with 

anti-MMP-3 and HRP-secondary antibody (Homandberg et al., 2007). Since MMP-3 can 

degenerate FN macromolecules into small FN-fs (Homandberg et al., 1998), it subsequently 

results in an upregulation of FN-fs during OA which, in turn will substantially elevate levels of 

MMP-3 expression in a positive feed-back loop. Furthermore, it has also been shown that 

FN-fs increase levels of MMP-13, which are enhanced in parallel with MMP-3 when tested 

with bovine cartilage explants (Forsyth et al., 2002). Also, the aggrecanase epitope cleavage 

can be enhanced by FN-fs (Homandberg et al., 1997, Kang et al., 1999).   

 

High concentrations of FN-fs result in an upregulation of several types of cytokines, including 

TNFα, IL-1 (Saito et al.,1999), IL-1α, IL-1β, IL-6 and IL-8 in human cartilage as previously 

mentioned above (Pulai et al., 2005). These observations were confirmed with neutralising 

antibodies which blocked cytokine production in response to FN-f (Homandberg et al., 1996, 

Homandberg et al., 1997). Additionally, FN-fs exhibit elevated cytokine pathways not only in 

chondrocytes, but also in several other cell types (Kamiya et al., 2004). Indeed, interleukin 

receptor antagonist protein (IRAP) was shown to inhibit catabolic activities in IL-1β treated 

chondrocytes. However, the effect of IRAP on blockade of cytokine release varied 

significantly and was dependent on the type of model system, potency of IRAP and species. 

For each of these studies, the capability of IRAP to block exogenous IL-1 was considered as 

the control. However the unsuitability of such a control may be due to the increased struggle 

in blocking IL-1, especially when it is upregulated and highly concentrated around the cell 

compared to exogenous IL-1 which becomes diluted upon addition (Homandberg, 2007). 

Furthermore, the use of IRAP does not confirm complete depletion of MMPs since TNFα is 

also elevated by FN-fs (Homandberg et al., 1997).  

 

Recent studies with bovine cartilage explants proved that the upregulation of MMPs was 

driven initially by MAP kinases and NFκB cascades (Fig. 1.21; Ding et al., 2009), followed by 

cytokines in the later stages, after 48 hours of culture (Ding et al., 2006). Such observations 

were consistent with studies in which MAP kinases, PKC and PYK2 inhibitors resulted in a 

decrease in MMP content within the first 24 hours of culture, during which substantial levels 

of TNFα and IL-1 were not identified. FN-f induced MMPs were not completely blocked 

during the first 24 hours of culture using IRAP. However, IRAP proved to be significantly 

more effective at 48 hours and beyond.  Also, it can be suggested that changes detected in 

the MMP levels during long term explant cultures, were mainly due to the effects of 

cytokines after 24 hours, due to the more physiological conditions provided for them to be 

activated (Homandberg, 2007). The pathways involve upstream activation of NFκB and p38 

in fragment treated chondrocytes (Homandberg et al., 2006). 
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Chondrolytic properties of FN-fs were demonstrated by Homandberg et al., (1993) by 

injecting FN-fs into rabbit knee joints and detecting a loss of up to 50% of the total 

proteoglycan in articular cartilage. Recent studies show that such loss of proteoglycan was 

experienced within 2 days of injection of the fragments into the joints. During this period of 

time proteoglycan synthesis is temporarily suppressed, MMP-3 content was plateaued and 

the NITEGE (Asn-Ile-Thre-Glu-Gly-Glu) epitope of aggrecan was exposed (Homandberg et 

al., 2001). Despite this, a slow increase in the synthesis of proteoglycan to supernormal 

levels was observed, demonstrating anabolic responses, which lead to proteoglycan 

restoration as shown in figure 1.22. Proteoglycan restoration however was dependent on the 

age of the knee joint into which FN-fs were injected. Studies by Williams et al., (1996) 

demonstrated that in adolescent rabbits, Proteoglycan was restored only within 2 weeks of 

injecting FN-fs into rabbit knee joints. Unlike this, the restoration of proteoglycan in skeletally 

mature rabbits required months (Williams et al., 2003). 

 

 

 

 

 

 

 

 

Safranin-O 

Figure 1.21. Schematic diagram of cartilage destruction by matrix degradation products. Increased 

proteolytic matrix fragments active chondrocytes and synovial fibroblasts, leading to the induction of 

matrix metalloproteinase, nitric oxide and cytokines via cell surface receptors such as integrins that 

can stimulate catabolic intracellular signals and pathways involving the MAPKs. 

Figure 1.22. Injection of FN-fs rabbit knee joints causes marked loss of proteoglycan within 2 days. 

Adolescent rabbits were intra-articular injected with 200μg of a mixture of 29kDa human plasma FN-fs 

and after 2 days, cartilage recovered and subjected to staining with safranin-O to visualize 

proteoglycan (Homandberg et al., 2001).  
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FN-f damaged cartilage tissue can be repaired via the reduction of catabolic pathways or the 

compensation for catabolic stress. Such repair can be achieved by the use of agents which 

may have anti-catabolic or anabolic approaches of action, capable of shifting or 

compensating for catabolic pathways that are still in operation even after the removal of FN-

fs. With the use of FN-f cartilage damage model, which represents a suitable OA model, 

such observations were justified. The model provided means of testing agents which might 

potentially block FN-fs damage or promote cartilage repair. It proved to be suitable due to its 

lack in capability of naturally restoring proteoglycan on the removal of FN-fs (Homandberg 

and Hui, 1994). Examples of agents which were proven to be partially or completely effective 

in the reduction of cartilage damage and restoration of proteoglycan in pre-damaged 

cartilage include: synthetic peptide analogues of the cell binding sequence located in FN 

(Homandberg and Hui, 1994), IGF-1, the growth factor including N-acetylcysteine and other 

anti-oxidants (Homandberg et al., 1996a, Homandberg et al., 1997). Also, OP-1 (osteogenic 

protein-1), another growth factor (Koepp et al., 1999, Im et al., 2003), was proven to block 

the upregulation of MMP-13, induced by FN-fs and enhance cartilage repair in other studies. 

In addition to this, high molecular weight HA was found to block FN-f induced damage and 

promote repair (Kang et al., 1999, Homandberg et al., 1997). 

 

1.7.2 Effect of collagen fragments in the development of 

osteoarthritis 

 

Type II Collagen, which is the main type of collagen present in articular cartilage increases in 

the late stages of OA, which may lead to enhanced levels of collagen fragments (Col-fs) 

being generated (Lorenzo et al., 2004). Also, it has been well documented that while there is 

an increase in collagen synthesis in cartilage lesions, the content level decreases (Squires 

et al., 2003). However, the relationship between the increase in collagen synthesis and Col-f 

production is still unknown. In human OA cartilage, up to 40mg of Col-fs per gm are released 

from damaged cartilage, which suggests that up to 20% of the total collagen in cartilage 

tissue undergoes degradation (Billingburst et al., 1987). Also, the presence of Col-fs of up to 

6μg/ml was demonstrated in synovial fluid of rabbits treated surgically to induce OA (Felice 

et al., 1999).  

 

Despite the fact that several types of Col-fs arise from type II collagen during cartilage 

degradation, the most significant types detected are the amino (N) and carboxyl (C)-

telopeptides. Figure 1.23 depicts a model representing the interactions of integrins and ECM 

with type II collagen N-telo and C-telo regions. These telopeptides are released upon attack 

of MMP-3 on the crosslinking segments of type II collagen. C-telopeptides were proved to be 

linked with the occurrence and progression of radiographic OA in the hip and knee (Reijman 

et al., 2004). Urine from OA patients were shown to have increased levels of C-telopeptides 
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(Jung et al., 2004) which directly correlates to elevated cartilage turnover (Christgau et al., 

2004). Also C-telopeptides were enhanced after cartilage injury (Lohmander et al., 2003) 

and were found in vast amounts in the synovial fluid of rabbit models which represent OA 

(Lindhorst et al., 2005). N-telopeptides have been used as markers for cancer (Reijman et 

al., 2004). It is highly likely that other types of collagen are capable of contributing to the 

release of Col-fs. However, majority of the contribution is expected from type II collagen, 

which implies that N and C-telopeptides are immensely involved in cartilage degradation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Col-fs demonstrate highly potent catabolic activities during cartilage breakdown and 

progression of tissue lesions. Various types of collagen peptides have a wide range of 

inflammatory or tissue damaging effects on various types of other cells. For example, CNBr 

peptides of type II collagen stimulate the production of collagenase by synovial cells (Golds 

and Poole, 1984), regulate the production of MMP-8 via gelatinase (Rice and Banda, 1995), 

alter types II and IX collagen turnover in bovine cartilage explants (Yasuda et al., 1999) or 

induce IL-1α and IL-1β from human monocytes (Goto et al., 1988). Also, the C-terminal 

fragment of type XVIII collagen is responsible for the induction of clusters and disorientates 

actin stress fibres via c-src activation (Wickstrom et al., 2002). Such response is achieved by 

the interaction of the C-terminal fragment with α5β1, the FN receptor. Accordingly, it can be 

suggested that Col-fs, as with FN-fs are capable of enhancing catabolic effects in various 

tissue types. In early studies of the effects of Col-fs on articular cartilage, a decrease in the 

level of proteoglycan and an upregulation of MMP-1, -3 and -13 were demonstrated upon 

the action of bacterial collagenase digests on cartilage explants. The fragments obtained 

Figure 1.23. Model of interaction of type II collagen N-telo and C-telo regions with ECM and integrins. 

Bacteria collagenase cleaves type II collagen while leaving the N-telo and C-telo crosslinked regions 

intact. Such digest mixtures have been shown to upregulate MMPs (Jennings et al., 2001). The N-

telopeptide has been shown to bind annexin V but interaction with integrins might also occur for both 

types of peptides, as discussed (Lucic et al., 2003).  
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from such digests were <10kDa in size and enriched with N and C telopeptides (Jennings et 

al., 2001). Subsequently, studies were carried out on synthetic N and C telopeptides which 

were shown to bind with a nonintegrin receptor, annexin V (Guo, Ding and Homandberg, 

2009, Lucic et al., 2003). These synthetic telopeptides as with collagen fragments also 

demonstrated an upregulation in MMP-2, -3, -9 and -13 message levels (Fichter et al., 

2006). Peptides of type II collagen have also shown to induce cleavage of aggrecan and 

type II collagen in cartilage (Yasuda et al., 2006). 

 

In comparison to FN-fs, synthetic N and C telopeptides and collagenase generated type II 

Col-fs were shown to be less potent, at concentrations of 10-100μg/ml. These Col-fs also 

demonstrated a slightly lower potential in decreasing proteoglycan levels in cartilage 

explants compared to that of FN-fs (Guo, Ding and Homandberg, 2009). Accordingly, Col-fs 

may overlap with pathways induced by FN-fs and may share mechanistic features. This 

creates the potential for the existence of a single global mechanism describing the two 

fragment systems, which might be used for therapeutic interventions during disease 

progression.   
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1.8 Effect of mechanical loading on OA progression 

 

1.8.1 Effect of biomechanical signals and FN-fs on tissue 

remodelling and anabolic activities 

 

Early studies by Steinmeyer et al. (1997) demonstrated increased levels of FN in bovine 

cartilage explants on the application of intermittent cyclic loading. Similar observations were 

demonstrated in canine cartilage explants subjected to cyclic loading (Farquhar et al., 1996). 

Biomechanical signals are well known to influence cartilage homeostasis and tissue 

remodelling via the enhancement of synthetic activities, which overlap with inflammatory 

pathways (Guilak et al., 2004, Loeser, 2006, Bader et al., 2011). The mediators responsible 

for initiation of the early stages of matrix damage are quite complex and hence involve both 

biological and mechanical factors. Enhancement of synthetic signals via mechanical loading 

was demonstrated in chondrocyte/agarose constructs treated with NH2-hep I and COOH-

hep II FN-fs (Fig. 1.24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This study by Chowdhury demonstrated that compressive loading blocks FN-f induced NO 

production and restores matrix synthesis in chondrocyte/agarose constructs. This represents 
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Figure 1.24. Dynamic compression (15%. 1 Hz) inhibits NH2-FN-f induced NO release (A) and restores 

cell proliferation (B) and proteoglycan synsthesis (C) in chondrocyte/agarose constructs (48 hrs) 

(Raveenthiran and Chowdhury, 2009). 
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the first study to show that mechanical signals inhibit catabolic activities induced by FN-fs 

(Fig. 1.24; Raveenthiran and Chowdhury, 2009). Another study also demonstrated similar 

observations in chondrocyte/agarose models induced with the 29kDa NH2-terminal FN-fs 

(Fig. 1.25; Parker et al., 2013).  
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Figure 1.25. Effect of FN-f or IL-1β and dynamic compression on NO release (A) and GAG synthesis 

(B) in chondrocyte/agarose constructs cultured at 5 and 21% oxygen tension for 48hr. Constructs 

were cultured under uninterrupted experimental conditions with 0 or 1μM FN-f or 10ng/ml IL-1β 

and/or 1mM L-NIO. Error bars represent the mean and SEM of 8 to 12 replicates from three separate 

experiments, where (*) indicates comparisons between unstrained and strained values. In unstrained 

constructs, (+++) indicates comparisons between FN-f and FN-f + L-NIO; (ψ or ψψψ) indicates 

comparisons between untreated and IL-1β; (δδδ) indicates comparisons between IL-1β and IL-1β + 

L-NIO. (Raveenthiran and Chowdhury, 2009). 
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Recent data demonstrates that compressive loading inhibits NO production, MMPs and 

cytokine production induced by collagen telopeptides or NH2-FN-fs and increased anabolic 

activities (fibronectin, collagen, sGAG) in chondrocyte/agarose constructs (Chowdhury et al., 

2010). The enhanced matrix synthesis by mechanical signals might therefore constitute an 

initial repair response. In healthy tissue, a small proportion of matrix proteins will undergo 

normal matrix turnover and be released due to proteolytic digestion by MMPs. However, 

mechanical signals may indirectly contribute to a pool of matrix proteins, which later give rise 

to catabolic activities involving overproduction of both MMPs and released matrix fragments. 

Consequently, matrix fragment signalling in conjunction with mechanical signals may add to 

a vicious cycle for accelerated MMP production and be a predisposing factor for OA 

(Chowdhury et al., 2010, Raveenthiran and Chowdhury, 2009).    

 

The response of chondrocytes to mechanical signals has been proven to be dependent on 

the type of loading regime, its duration and whether loading was applied during early or late 

stage of the disease process. For instance, mechanical signals which exceed a certain level 

increase expression of catabolic and anabolic activities in chondrocytes. Mechanical signals 

that mimic injury and overloading will accelerate mild damage with an early rebuilding phase 

by increasing MMPs and metabolic activity. It is conceivable that the remodelling phase may 

occur indirectly through the effect of altered patterns of mechanical loading and increased 

production of growth factors (TGFβ1, IGF-1, bFGF) and cytokines (IL-4) (Bader et al., 2011, 

Guilak et al., 2004, Loeser, 2006).There is now strong evidence which implicates the α5β1 

integrin as a receptor for both mechanical loading and matrix fragments implicating 

overlapping pathways for these signals (Millward-Sadler and Salter, 2004, Homandberg et 

al., 2002) Integrin-mediated mechanotransduction will contribute to chondroprotective events 

resulting in an attempt by cells to stimulate anabolic processes locally and assist in tissue 

remodelling. However, conditions such as obesity or trauma, that represents excessive or 

injurious loading will increase catabolic activities and accelerate matrix damage possibly via 

abnormal integrin signals (Fitzgerald et al., 2004, Kurz et al., 2004, De Croos et al., 2006). 

Furthermore, oxygen tension will influence matrix turnover which, in turn, affects the ability of 

the tissue to respond to normal mechanical signals (James et al., 1990, Stevens et. al., 

1991). It is not known whether oxygen tensions which exist in a diseased state (>7%) will 

aggravate mechanical and matrix fragment induced signals.   

 

1.8.2 Fibronectin fragments signalling 

 

Although the biochemical effects of FN-fs have been previously examined, the signalling 

cascades through which these catabolic effects occur have yet to be confirmed. There is 

strong evidence which implicates the α5β1 integrin as a receptor for both biomechanical 

signals and matrix fragments suggesting potential overlapping pathways for these signals. 

Also, TLR4 has been reported to bind to matrix fragments, including HA and heparin 
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sulphate, suggesting that it may be a possible receptor for FN-fs. Additionally, it has been 

suggested that CD44 may bind to fibronectin. Based on these studies, preliminary tests were 

carried out in the host laboratory in collaboration with Drs Eleanor Parker and Nicholas 

Peake (unpublished), to examine the effects of blocking α5β1, TLR4 and CD44 receptors on 

NO production in FN-f-treated bovine chondrocyte monolayer culture (Figure 1.26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant reductions in NO production were not observed on blocking any of the 

aforementioned receptors in chondrocytes cultured in monolayer cultures for 48 hours 

(figure 1.26). Excluding samples treated with lactose, the maximum reduction in NO 

production achieved was approximately 14%, with the use of anti-TLR4, compared to the 

other inhibitors. Recent studies have identified the presence of a sequence of consensus 

pattern, XGXXPG in several matrix proteins, including elastin and collagen, where the 

VGVAPG motif is repeated particularly in elastin. A spliced variant of lysosomal β-

galactosidase called the elastin binding protein (EBP), and also known as SGAL, is a 

primary receptor of elastin peptides as well as the XGXXPG ligand. Additionally, it has been 

shown that lactose acts as an inhibitor of XGXXPG, binding to SGAL/EBP. As such, it can 

be suggested that FN-f signalling occurs through EBP via the binding of EBP to the 

XGXXPG consensus pattern, which might be present in fibronectin and its fragments. In 

Figure 1.26. Effect of 0.1M α lactose (SGAL), 100µg/ml GRGDSP (α5β1), 100µg/ml GRADSP (control), 

1µg/ml anti-TLR4 in chondrocyte monolayer culture treated with 1µM of the 29kDa NH2-heparin-

binding FN-fs for 48 hours. The effects on NO production were then observed. (*) P < 0.05 indicates 

significant comparisons between constructs treated with fragment and those treated with fragment and 

inhibitor as shown [n=4, data obtained previously from the host lab in collaboration with Drs Parker and 

Peake (unpublished)].  
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order to prove the presence of the XGXXPG consensus pattern in 29kDa NH2-heparin-

binding FN-fs, α lactose monohydrate was used to inhibit FN-f-induced NO production in the 

model described in figure 1.26. The results revealed that lactose was the most successful at 

inhibiting FN-fs-induced NO production in chondrocytes compared to the other inhibitors 

employed. Subsequently, a preliminary study was carried out in the host laboratory in 

collaboration with Drs Eleanor Parker and Nicholas Peake (unpublished), to compare the 

effects of lactose on FN-f-treated chondrocytes in 3D agarose constructs, to those cultured 

in monolayer, as shown in  figure 1.27.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From this, it was observed that lactose had a greater inhibitory effect on FN-f-induced NO 

production in chondrocytes cultured in 3D agarose constructs, when compared to those 

cultured in monolayer. Based on these results, the aims and objectives of the thesis were 

defined, as shown in section 1.10.  

 

 

 

 

 

 

-10

0

10

20

30

40

50

U
T

F
N

f

L
a

c
to

s
e

F
N

f+
L
a

c
to

s
e

U
T

F
N

f

L
a

c
to

s
e

F
N

f+
L
a

c
to

s
e

Monolayer 3D

N
it
ri
te

 (
μ

M
)

39% ↓
   *** 

  *** 

  ** 

  *** 

  *** 

  *** 

Figure 1.27. Effect of 0.1M α lactose in chondrocyte monolayer culture and 3D chondrocyte/agarose 

culture treated with 1µM of the 29kDa NH2-heparin-binding FN-fs for 48 hours. The effects on NO 

production were then observed. (***) P < 0.001 indicate significant comparisons between constructs 

treated with fragment and those treated with fragment and inhibitor as shown [n=4, data obtained 

previously from the host lab in collaboration with Drs Parker and Peake (unpublished)].  
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1.8.3 Effect of biomechanical signals and Col-fs on tissue 

remodelling and anabolic activities 

 

 

 

 

 

 

 

 

 

 

Mechanical loading will influence the pathways induced by Col-fs. This was demonstrated 

with porcine chondrocytes seeded in agarose gel and subjected to intermittent or continuous 

loading regimes, with N-terminal (NT) telopeptides, C-terminal (CT) telopeptides and NH2-

FN-fs (Chowdhury et al., 2010). The bioreactor device is shown in figure 1.28. Matrix 

fragments increased levels of MMP-3, MMP-13, cytokines and NO release. However, MMP 

upregulation was time-dependant and influenced by the concentration and type of matrix 

fragment. Catabolic activities were reversed with mechanical loading with or without the 

iNOS inhibitor leading to restoration of GAG content (Fig 1.29). Thus, physiological 

mechanical loading may contribute to early anabolic signals and compete with catabolic 

processes induced by ECM fragments. The incorporation of pharmacology and mechanical 

loading to downregulate inflammatory responses form an essential tool to further study the 

interactions of cells signalling and biomechanics in OA. 
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Figure 1.28. Bioreactor vessel components (Chowdhury et al., 2010). 
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Figure 1.29. Continuous compression applied for longer periods resulted in a greater magnitude of 

stimulation of fibronectin (A) and MMP-3 (B) expression even in the presence of telopetides or FN-fs 

(Chowdhury et al., 2010). 
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Figure 1.30. Effect of NT and CT telopeptides and dynamic compression (15%, 1 Hz) on NO release 

(A) and sGAG content (B). Unstrained and strained constructs were cultured with 50 μM NT or CT 

peptide and/or 1mM 1400 W for 48 hours (n=8). SN and SC peptides (50 μM) were used as negative 

controls. NH2-FN-f (1μM) was used as a positive control. (*) indicates significant comparisons in 

unstrained constructs for no treatment vs fragment; (ψ) indicates significant comparisons in unstrained 

constructs for fragment vs fragment + 1400 W; + P < 0.05, ++ P < 0.01, +++ P < 0.001 indicates 

significant comparisons between treatment conditions as shown (n=6, Chowdhury et al., 2010).  
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1.9 Nitric oxide and oxygen tension during OA disease 

progression 

 

The increased levels of NO and PGE2 which are induced by elevated levels of both pro-

inflammatory cytokines and mechanical stress during OA, can be significantly influenced by 

oxygen tension. A complex reaction exists between NO and PGE2 which can also be altered 

by oxygen tension, suggesting that low oxygen tension in articular cartilage may have a 

tremendous impact on the inflammatory response of cartilage to OA compared to ambient 

conditions. Although inhibitors of NO have been considerably incorporated in various 

experimental models in the treatment of OA, they have not been used in a clinical setting. As 

such, elucidating the mechanisms by which oxygen tension can influence the stimulation of 

inflammatory mediators in response to pro-inflammatory cytokines and mechanical stress 

may contribute to the development of dual inhibitors of inflammatory mechanisms in the 

therapeutic intervention of OA.   

 

Increased production of inflammatory mediators via the enhanced presence of pro-

inflammatory cytokines and mechanical stress decreases the oxygen supply in cartilage 

during OA disease process. The decrease in oxygen tension during progression of the 

disease can be a result of a reduction in the density of capillaries and the deep localisation 

of capillaries within the synovial capsule (Stevens et al., 1991). As a result, it can be 

suggested that OA cartilage is more hypoxic compared to healthy articular cartilage (James 

et al., 1990). 

 

1.9.1 Nitric oxide in OA 

 

During OA, elevated levels of the catabolic mediator, NO are observed (Amin et al., 1997; 

Farrell et al., 1992; Sakurai et al., 1995). The gas is capable of readily interacting with 

superoxide anions (O2
-) to form peroxynitrites, which nitrate specific proteins. Nitrotyrosine 

antibodies can be used for the detection of these nitrated proteins, especially in OA cartilage 

as demonstrated by the presence of increased nitrated collagen peptides in OA tissue. 

Additionally, peroxynitrites have been detected in OA chondrocytes (Deberg et al., 2005).  

 

OA has also been associated with a decrease in the protein expression of superoxide 

dismutase (SOD) as demonstrated in clinical studies and animal models of OA (Regan et al., 

2005). An increase in pro-inflammatory cytokines and mechanical stress has been 

correlated with elevated levels of NO in OA disease process (Guilak et al., 2004). Although 

the signalling cascades by which NO induces cartilage degeneration is unclear, it has been 

well established that an increase in NO levels lead to alterations in chondrocyte metabolisms 

such as the stimulation of MMPs, regulation of cytokine expression and the inhibition of both 
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cell proliferation and matrix protein synthesis, including proteoglycan and collagen synthesis, 

which consequently lead to chondrocyte apoptosis (Lotz et al., 1999; Pelletier et al., 1999; 

Studer et al., 2000).  During the conversion of L-arginine to citrulline, NO is produced with 

the help of oxygen which acts as an electron acceptor. The terminal guanidino nitrogen is 

catalytically eliminated during this process by the enzyme, NOS (Kwon et al., 1990). It must 

be noted that the NOS isoform primarily responsible for the production of NO in articular 

cartilage is iNOS (Sakurai et al., 1995). NO has also been shown to induce the development 

of reactive oxygen species (ROS) and changes in the redox signalling cascades which play 

essential roles in OA pathogenesis (Henroitin et al., 2003). The enzyme cytochrome oxidase 

which exists on mitochondrion membrane is known to catalyse the transfer of electrons to 

oxygen as part of the electron transport chain for the subsequent production of adenosine 

triphosphate (ATP). NO can hinder cytochrome oxidase resulting in a decrease in the 

electron transport chain, consequently leading to the development of superoxide anions and 

alterations in the redox state of cells. These superoxide anions then readily interact with NO, 

resulting in the formation of the potentially more toxic peroxynitrite (ONOO-), via the 

combination of the unpaired electrons on each of the two molecules. 3-nitrotyrosine is 

formed from peroxynitrite, which is now believed to be responsible for most of the catabolic 

activities of NO. Nevertheless, peroxynitrite can be detoxified depending on its 

microenvironment. Superoxide anions can be converted into hydrogen peroxides (H2O2) via 

the antioxidant, superoxide dismutase (SOD). Cell proliferation, apoptosis, gene 

transcription as well as necrosis can be induced by hydrogen peroxide, depending on its 

concentration. Hydrogen peroxide can be converted into oxygen and water via catalase, 

thereby reducing oxidative stress (Fermor et al., 2007).  

 

SOD plays an essential role in maintaining a balance in the cellular concentrations of NO 

and O2
-. Extracellular SOD (EC-SOD) primarily resides in the ECM of the tissue due to the 

presence of its positively charged heparin-binding site (Fattman et al., 2003) which binds to 

the negatively charged proteoglycans and collagen in the ECM of the tissue (Petersen et al., 

2004). During OA disease progression, decreased levels of EC-SOD are found in articular 

cartilage, resulting in an imbalance between the cellular concentrations of NO, O2
- and SOD, 

demonstrating its importance in the maintenance of tissue homeostasis (Regan et al., 2005). 

Furthermore, S-nitrosothiols which are essential regulators of enzyme and cell function can 

be produced upon interaction of NO with reactive cysteine thiol (Hess et al., 2005). 

 

An increase in pro-inflammatory cytokines or mechanical stress is known to also enhance 

levels of the catabolic mediator, PGE2. PGE2 has been shown to be suppressed by NO in 

certain cell types, with elevated levels of PGE2 observed on suppressing NO production in 

articular cartilage in response to pro-inflammatory cytokines or mechanical stress (Amin et 

al., 1997, Cernanec et al., 2002). The underlying mechanisms responsible for the interaction 

between NO and PGE2 is unclear. However, it has been suggested that NO-induced PGE2 
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inhibition may be due to nitration of tyrosine residue (Tyr385), leading to downregulation in 

COX-2 activity which consequently results in a decrease in PGE2 levels.   

 

1.9.2 Effect of oxygen tension and pro-inflammatory cytokines on 

NO production  

 

As previously described, an increase in the levels of pro-inflammatory cytokines including 

TNFα and IL-1 is associated with OA disease progression, which consequently leads to an 

elevation in NO production (Stadler et al., 1991, Sakuraiet al., 1995). TNFα antagonists as 

well as IL-1Ra have been shown to exhibit beneficial effects in both OA and RA animal 

models, including clinical RA studies (Evans et al., 1998). Additionally, infliximab, the anti-

TNFα antibody has demonstrated effective therapeutic properties in blood monocytes-

lymphocytes from RA patients, such that decrease in TNF effects with infliximab correlated 

with a downregulation in the expression of iNOS (Perkins et al., 1998).   

 

Hypoxia/reoxygenation events as well as low oxygen tensions have shown to have 

significant influences on NO production in response to pro-inflammatory cytokines. For 

instance, porcine cartilage explants treated with 10ng/ml of either IL-1α or TNFα for 72 hours 

at 1% oxygen tension led to a decrease in NO production compared to those cultured at 

20% oxygen tension (Cernanec et al., 2002). In contrast, bovine chondrocyte monolayer 

cultures subjected to concentrations of IL-1β ranging from 0.2 to 1nM for a period of 48hr 

resulted in a decrease in NO production at 20% oxygen tension compared to either 1% or 

5% oxygen tension (Mathy-Hartert et al., 2005). Alterations in the findings of these studies 

may be due to factors such as the model system incorporated as well as culture conditions. 

 

An increase in NO production was observed in IL-1α or TNFα treated porcine cartilage 

explants on reoxygenating them from 1% to 20% oxygen tension compared to those which 

remained at 20% oxygen tension (Cernanec et al., 2002). Similarly, reoxygenation of murine 

macrophages treated with interferon γ from 1% oxygen tension resulted in an increase in NO 

production compared to those which remained at 20% oxygen tension. Additionally, 

replenishment of the cytokine in cultures maintained consistently under ambient conditions 

led a much smaller increase in NO production when compared to those reoxygenated 

following hypoxic treatment. These findings suggest that this increase in NO production may 

be due to the upregulation of iNOS which is then protein translated upon reoxygenation 

(Melillo et al., 1996).  

 

Although the signalling cascades via which low oxygen tension influences NO production is 

still unclear, a constant attempt is being made to explore these mechanisms. For instance, 

an upregulation in p42/p44 MAPK expression was observed in human articular chondrocytes 
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subjected to 5% oxygen tension, when compared to those cultured at 21% oxygen tension 

(Dudhia et al., 2000). These findings suggest that varied oxygen tensions may influence the 

extent to which these upstream kinases are activated.  

 

Since oxygen tension influences NO production in response to pro-inflammatory cytokines 

and mechanical stress, it can be suggested that oxygen tension also influences PGE2 

production, in addition to NO. For instance, an increase in the levels of PGE2 was observed 

on inhibiting IL-1α-induced NO levels using the iNOS inhibitor, 1400W at 1% oxygen tension. 

These findings suggest that the suppressive effects of NO on PGE2 are only manifested at 

severely low oxygen tensions (Cernanec et al., 2002). Similarly, on replenishing TNFα after 

72 hours of incubation, an increase in PGE2 production was observed at 20% oxygen 

tension. However, the same effects were not demonstrated in IL-1α-treated cartilage 

explants cultured under the same conditions, implying that IL-1α and TNFα may influence 

the interaction of catabolic mediators in different manners. 

 

In addition to the catabolic effects NO has on cartilage, the gas is also capable of having 

protective effects in vitro (Evans et al., 1996). The degree to which NO can induce 

degenerative changes depends on the ratio of NO to oxygen, which determines the quantity 

of NO derivatives produced, including peroxynitrite and nitrosothiols. This is because, NO 

and peroxynitrites have different effects on the biological responses of chondrocytes. For 

instance, NO alone is incapable of inducing cell apoptosis, unless it is in combination with 

ROS (Mathy-Hartert et al., 2003, Del Carlo and Loeser, 2002). Similarly, elevated levels of 

NO production are observed on transducing lapine chondrocytes with iNOS (Studer et al., 

1999). Additionally, there are variations in the activation of NF-kB in response to NO and 

peroxynitrite produced in chondrocytes treated with pro-inflammatory cytokines (Clancy et 

al., 2004). Collectively, these studies suggest that the effect of NO on chondrocytes is 

dependent on the balance between NO, O2
- and SOD, which in turn is influenced by oxygen 

tension.  

 

1.9.3 Combined effect of oxygen tension and mechanical loading 

on NO production  

 

Joint instability, sedimentary life style as well as pain are all factors of abnormal joint loading, 

which can result in changes in the metabolic activities of chondrocytes, leading to cartilage 

degeneration, an inevitable feature in both OA and RA disease process (Minor, 1999). 

Abnormal joint loading is capable of further altering the joint physiology during progression of 

the disease which can become more distinctive upon weakening of the supporting muscles.  
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NO release can be stimulated by both physiological and non-physiological loading. However, 

the level of NO production is influenced by the magnitude of stress applied to articular 

cartilage (Agarwal et al., 2004). Intermittent loading and shear stress induce the production 

of NO (Lee et al., 1998, Lane Smith et al., 2000).  

 

Mechanically stimulated NO production can be influenced by oxygen tension. For instance, 

an increase in the levels of NO were observed on culturing cartilage explants at 5% oxygen 

tension when compared to either 1% or 20% oxygen tension. However, the application of 

mechanical compression to these explants did not induce any further changes in NO 

production. On the other hand, cartilage explants subjected to mechanical compression at 

1% oxygen tension led to a decrease in NO production when compared to 20% oxygen 

tension. Interestingly, 5% oxygen tension did not have any significant effects on NO 

production when subjected to the same conditions but at 20% oxygen tension (Fermor et al., 

2005, Hashimoto et al., 2006). From these studies it can be suggested that NO production is 

suppressed by very low oxygen tensions, such as 1% oxygen tension.  

 

Cyclic loading of the joint is known to alter the oxygen tension of articular cartilage. While 

oxygen can readily diffuse into articular cartilage, larger molecules find it more difficult to 

diffuse into the tissue. However, this process can be facilitated by the application of cyclic 

loading to the joint which in turn will influence the supply of nutrients and hence the 

metabolic activity and oxygen consumption of cartilage (Piscoya et al., 2005). However, it is 

worth noting that static compression can inhibit the diffusion of solutes through the tissue 

(Quinn et al., 2001). 

 

Mechanically induced PGE2 levels have been shown to be influenced by both oxygen 

tension and NO (Fermor et al., 2005). Although the studies mentioned above observed the 

effects of hypoxia on pro-inflammatory cytokines and mechanical loading separately, the 

combined effect of pro-inflammatory cytokines and mechanical signals at low oxygen tension 

has never been examined. The elucidation of mechanisms by which oxygen tension can 

influence the stimulation of inflammatory mediators in response to both pro-inflammatory 

cytokines and mechanical stress is essential in the development of dual inhibitors of 

inflammatory mechanisms in the therapeutic intervention of OA. As such, the present study 

examined the effect of oxygen tension and TNFα on catabolic and anabolic activities in 

chondrocyte/agarose constructs subjected to dynamic compression. 
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1.10 Aims and Objectives 

 

Aim 

The overall aim of this project was to examine the effects of oxygen tension on a well-

established chondrocyte seeded model exposed to a combination of biomechanical and 

biochemical stimuli, the latter of which were specifically related to pro-inflammatory 

cytokines and matrix fragments. This multidisciplinary approach will have implications in the 

management of progressive osteoarthritis. 

 

Objectives 

 Examine the optimum culture period of TNFα, considering its short half-life and 

mode of action. 

 

 Determine the dose-response effects of TNFα and the combined effects of dynamic 

compression and TNFα, on markers of catabolic activities and tissue remodelling, in 

chondrocyte/agarose constructs co-stimulated with the NOS inhibitor, under 

normoxic and hypoxic culture conditions, using an ex-vivo bioreactor. 

 

 Determine the effects of dynamic compression on the gene expression of 

degradative enzymes in chondrocyte/agarose constructs treated with TNFα in the 

presence and absence of L-NIO under normoxic and hypoxic conditions. 

 

 Optimize the culture conditions required to determine the dose-dependent effects of 

lactose on the production of nitrite and GAG synthesis in chondrocyte/agarose 

constructs treated with the 29kDa NH2-heparin-binding FN-f under normoxic culture 

conditions. 

 

 Examine the effects of varying oxygen tensions on the production of nitrite and GAG 

synthesis in chondrocyte/agarose constructs co-stimulated with FN-fs and lactose. 

 

 Examine the combined effects of dynamic compression and varying oxygen 

tensions on the production of nitrite and GAG synthesis in chondrocyte/agarose 

constructs co-stimulated with lactose and VGVAPG peptides.  

 

 Investigate the effects of commercially available amino terminal telopeptides on the 

anabolic and catabolic activities of chondrocyte/agarose constructs under both 

normoxic and hypoxic culture conditions, in the presence and absence of NOS and 

COX inhibitors.
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Bovine chondrocytes / 

agarose constructs 

Free-

swelling  

Dynamic compression  

(15% strain, 1 Hz) 

(+/-) TNFα and / or L-NIO  

48 hr 

Anabolic: GAG (DMB), DNA (Hoescht)  

Catabolic: NO (Griess), PGE2 (ELISA), 

MMPs (fluorogenic substrate assay), 

TNFα (ELISA) 

Equilibrated under ex-vivo conditions 

at 21% and 5% oxygen tension (72 hr) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.1. Flow chart illustrating the ex-vivo methods and protein analysis employed in the present 

study. 
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2.1 Justification of materials used    

 

This chapter describes the 3D cell seeded agarose model employed throughout the 

experimental work, including the protocols and the cell straining apparatus adopted, as well 

as justifications for the materials and methods used. In the case of individual studies, the 

specific protocols incorporated are reported in the methods section of the appropriate 

chapters.  

 

2.1.1 Agarose as a scaffold material 

 

Over the past few years, there has been a significant change in the way cartilage 

mechanotransduction has been investigated, starting from the use of cartilage explants to 

the employment of 3D hydrogel constructs to study the effects of various loading modalities 

and inflammatory mediators on matrix synthesis in chondrocytes (Buschmann et al., 1995, 

Lee and Bader, 1997). More recently, attention has been focused on the intracellular 

signalling pathways which induce alterations in matrix synthesis on the application of 

external loads and inflammatory mediators in chondrocytes. In both approaches cartilage 

explants, although physiologically relevant, have inevitably resulted in complexity of data in 

relating input to output parameters (Aydelotte and Kuettner, 1988, Chang and Poole, 1996, 

Chowdhury at al., 2008). Accordingly, hydrogels provide an alternative and simpler solution 

to interpret the data. Indeed they have been widely used as scaffolds in tissue engineering 

due to their multiple sources and inherent properties, including their ability to withstand 

forces when subjected to mechanical testing, the ease with which they can be conformed 

into various shapes and sizes, their viscoelastic behaviour as well as their biocompatibility. 

Although many hydrogels have been used for culturing chondrocytes in a 3D environment, 

as demonstrated in table 1.4, the naturally occurring polymer, agarose, has been most 

extensively used for a number of reasons: 

 

 The 3D homogenous model has been shown to maintain chondrocyte viability and 

phenotype for up to 70 days in culture (Lee and Bader, 1995; Buschmann et al., 

1992, Aydelotte et al., 1988). This was confirmed by the ability of the seeded 

chondrocytes to retain their rounded morphology in agarose and induce the 

production of aggrecan and type II collagen.  

 

 Agarose is capable of delivering mechanical stability by withstanding the application 

of compressive strains within physiological levels, which is transduced to the 

embedded chondrocytes, while maintaining reproducibility (Freeman et al., 1994, 

Knight et al., 1998, Chowdhury et al., 2001, Chowdhury et al., 2003, Akanji et al., 
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2008, Chowdhury et al., 2008 Knight et al., 2006, Pingguan-Murphy et al., 2006, Lee 

and Bader, 1997, Chowdhury et al., 2008).  

 

 Agarose allows sufficient diffusion of nutrients and disposal of waste products in a 

bioreactor system (Heywood 2004, 2006). In addition, its pore size allows the 

effective diffusion of pro-inflammatory cytokines, such as IL-1β and TNFα, which 

enables it to be used to examine the combined effects of inflammatory agents and 

mechanical loading, on chondrocyte metabolism under both normoxic and hypoxic 

conditions (Aydelotte et al., 1992).   

 

 Agarose has the potential to be degraded by agarase, thereby enabling space for 

extracellular matrix production over time.  

 

 Agarose is amenable for analysis of cell proliferation and synthesis of both anabolic 

and catabolic markers, using standard biochemical assays.  

 

The major limitation of the model is that it differs from the complex constituents and 

architecture of the cartilage ECM. Indeed the associated chondrocytes do not bind to 

agarose as in native ECM within the pericellular region. This will clearly influence the 

manner in which the mechanical signals will be transduced to the surface of chondrocytes.  

 

Notwithstanding this limitation, it was decided that chondrocytes seeded in 3D agarose 

constructs would represent the most appropriate model system to address the aims and 

objectives of the present study.  

 

2.1.2 Oxygen tension 

 

The consideration of the oxygen tension represents an essential criterion when developing 

models for tissue engineering cartilage in vitro. Throughout this thesis, chondrocyte/agarose 

constructs cultured at 21% oxygen tension represented the standard culture conditions, 

which have been used by the vast majority of previous researchers. Indeed it is equivalent to 

the oxygen concentration in the atmosphere. Given the study aims, this normoxic condition 

was compared to those cultured at 5% oxygen tension, in order to examine the effects of 

hypoxia on chondrocyte metabolism, since healthy articular cartilage is well known to exist 

under low oxygen tensions in vivo. 5% oxygen tension was selected, since it lies within the 

range of oxygen tension present in healthy cartilage in vivo, which varies from approximately 

8% in the superficial zone to as low as 1% in the deep zone (Falchuk, Goetzl, Kulka, 1970, 

Brighton & Heppenstall, 1971). At these low oxygen tensions, chondrocytes are well adapted 

in maintaining their phenotype, promoting ECM production and in the regulation of cartilage 

homeostasis (Heywood, Bader & Lee, 2006, Falchuk, Goetzl, Kulka, 1970; Nevo, Beit-Or, 
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Eilam, 1988). Given the availability of the equipment in the host laboratory, in particular the 

oxygen controlled incubators, only one hypoxic condition was examined for the majority of 

the experimental work. 

 

2.1.3 Source of chondrocytes 

 

It is accepted that human chondrocytes would provide the ideal source for clinical relevance.  

However, these cells are not readily available and when sourced from different individuals, 

often from joint surgery, they are highly variable in nature and highly dependent on the 

integrity of the cartilage from which they are extracted.  

Accordingly, chondrocytes from bovine articular cartilage were used in this study as the 

tissue is readily available, relatively cheap and their use in agarose gel has been well 

characterised (Lee and Bader, 1995; Buschmann et al., 1992). Freshly slaughtered cattle 

aged <18 months (Dawn Cardington, Bedfordshire, UK) were selected for the isolation of full 

depth slices of articular cartilage, since the extracted chondrocytes are less prone to 

exhibiting pro-inflammatory symptoms associated with aged and/or injured chondrocytes, 

which would inevitably interfere with the signalling pathways induced by the exogenous 

factors to which the cells would be subjected.  

 

Bovine chondrocytes were preferred over chondrocytes isolated from other animal species, 

since it has been well documented that bovine and human chondrocytes share similar 

features, such as identical phenotypes, as well as biochemical and biomechanical 

properties. For this reason, together with the fact that a significant cell population is obtained 

per joint, when compared to other species such as porcine cartilage, chondrocytes were 

isolated from bovine metacarpalphalangeal joints. 

 

Additionally, the use of primary chondrocytes has proved ideal in cartilage mechanobiology 

studies incorporating 3D cell seeded scaffolds, since they are capable of synthesizing the 

required amount of pericellular matrix to facilitate mechanotransduction pathways, while 

preventing over-protective mechanisms to be developed. This is achieved by culturing them 

for a period of approximately 72 hours (Buschmann et al., 1992).     

 

Furthermore, the source of human chondrocytes yields cells which are highly variable in 

terms of integrity of the cartilage from which they are derived (Chung and Burdick, 2007). 
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2.1.4 Purity of bovine cells 

 

Although articular cartilage is known to be an anisotropic tissue, divided into four poorly 

defined zones, the cells isolated from full depth slices of bovine articular cartilage were not 

subjected to phenotyping in this study. This is because heterogeneous mixtures of cells from 

immature animals are typically incorporated into scaffolds which have been shown to yield 

chondrocytes that synthesize abundant levels of cartilaginous matrix, rich in type II collagen 

and aggrecan. Although this confirms the maintenance of chondrocyte phenotype, it is worth 

noting that the resulting 3D construct lacks zonal organisation (Chung and Burdick, 2007). 

Additionally, these cells have been previously characterized in 3D agarose constructs, as 

detailed in section 2.1.1 (Buschmann et al., 1992, Lee and Bader, 1995).   
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2.2 Cell seeded agarose model  

 

The cell seeded agarose model involved seeding chondrocytes in agarose gel to form 

cylindrical shaped constructs. Chondrocytes from bovine articular cartilage were used in this 

study as the tissue is readily available and since the use of these cells in agarose gel has 

been well characterised (Lee and Bader, 1995; Buschmann et al., 1992). Hydrogels have 

been widely used as scaffolds in tissue engineering due to their multiple sources and 

inherent properties including their ability to withstand forces when subjected to mechanical 

testing, the ease with which they can be conformed into various shapes and sizes, their 

viscoelastic behaviour as well as their biocompatibility. In particular, the naturally occurring 

polymer, agarose, has been extensively employed in the tissue engineering of cartilage, as 

this 3D homogenous model has been shown to maintain chondrocyte viability and 

phenotype for up to 70 days in culture (Lee and Bader, 1995; Buschmann et al., 1992, 

Aydelotte et al., 1988). This was demonstrated by the ability of the seeded chondrocytes to 

retain their rounded morphology in agarose and induce the production of aggrecan and type 

II collagen. Additionally, chondrocyte-agarose models allow the effects of inflammatory 

agents on chondrocyte metabolism to be investigated (Aydelotte et al., 1992). Furthermore, 

agarose is capable of withstanding the application of compressive strains within 

physiological levels, which is transduced to the embedded chondrocytes, while maintaining 

reproducibility (Freeman et al., 1994, Knight et al., 1998, Chowdhury et al., 2001, 

Chowdhury et al., 2003, Akanji et al., 2008, Chowdhury et al., 2008).  
 

2.2.1 Preparation of culture media and enzyme solutions 

 

Culture media 

 

The culture medium used throughout the experimental work was prepared using the 

reagents listed in Table 2.1. Initially, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer, L-glutamine, penicillin, streptomycin and L-ascorbic acid were added to 

124ml of Foetal Calf Serum (FCS). The resultant FCS solution was filtered using a 0.22µm 

pore cellulose acetate filter, in order to ensure sterility, into 500ml of Dulbecco’s Modified 

Eagle’s Medium (DMEM, all from Sigma-Aldrich Ltd, Gillingham, Dorset, UK). The prepared 

culture media (DMEM + 20% FCS) with a pH of 7.4, was then aliquoted into 150ml sterile 

universal plastic containers (Sterilin, Caerphilly, UK) and stored at -20⁰C. 
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Table 2.1: Reagent concentration in the preparation of culture media for chondrocyte culture. 

Reagent Stock 

Concentration 

Final 

Concentration 

Quantity 

DMEM N/A N/A 500ml 

HEPES 1M 20mM 10ml 

L-glutamine 200mM 2µM 5ml 

Penicillin 5mg/ml 5µg/ml 5ml 

Streptomycin  5mg/ml 5µg/ml 5ml 

L-ascorbic acid N/A 0.85µM 0.075g 

FCS N/A 20%(w/v) 124ml 

 

Pronase and collagenase solutions 
 

For the isolation of primary chondrocytes from bovine articular cartilage, the enzymes, 

pronase and collagenase were used. Pronase solution was prepared by adding 1g (per vial) 

of pronase powder (Sigma-Aldrich Ltd, Gillingham, Dorset, UK) with an activity of 

5.9units/mg to 175ml of DMEM + 20% FCS. The resulting solution, with a final activity of 

33.71units/ml, was then filtered using a 0.22µm pore cellulose acetate filter in order to 

ensure sterility and stored at -20⁰C in 10ml aliquots.  

 

Collagenase solution was prepared by adding 1 vial of collagenase powder (1g, type XI 

clostridium histolyticum, Sigma-Aldrich Ltd, Gillingham, Dorset, UK) to the required volume 

of culture media, to obtain a solution with a final activity of 100units/ml. It is worth noting that 

the volume of DMEM + 20% FCS required for the preparation of this solution was calculated 

based on the specific activity of the batch of collagenase powder employed. Following this, 

the resultant solution was filtered using a 0.2µm pore filter and divided into 30ml aliquots, 

which were then stored at -20⁰C.  

 

2.2.2 Isolation of primary chondrocytes from bovine joints 

 

The present study incorporated the use of bovine chondrocytes which was obtained from 

tissue acquired from the local abattoir (Humphreys and Sons, Essex) with authorization of 

the relevant meat inspectors. The metacarpalphalangeal joints of freshly slaughtered cattle 

aged 18-24 months were initially washed thoroughly in hot water to eliminate any attached 

debris. The joints were then partially immersed in a disinfectant, Virkon for 5 min, followed by 

70% Industrial methylated spirits (IMS) for an additional 15mins. In a sterilized dissecting 

tray, each joint was then transferred into a class II cabinet in order to isolate slices of 

articular cartilage under sterile conditions.   
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Using a no.20 scalpel blade, a longitudinal cut was made along the length of the joint, 

followed by a perpendicular cut across the short pastern. The hide on each side was then 

peeled back, exposing the joint capsule. Using 70% IMS, the joint surface was then cleaned 

while ensuring that any hair from the surface was removed. An insertion was then made into 

the joint capsule by following the groove round under it, while cutting back the surrounding 

ligaments and tendons such that the joint was dislocated, exposing the condyle surface. This 

was achieved using a no.11 scalpel blade. Once the joint was opened, full depth slices of 

articular cartilage were then carved from the proximal load bearing regions of the metacarpal 

surface using a no.10 scalpel blade (Fig. 2.2). The slices of cartilage were then incubated in 

a Ø50mm petri dish containing DMEM + 20% FCS at 37°C in 5% CO2 and 21% O2 for 24 

hours. This was followed by finely dicing the cartilage tissue using a scissor motion, in order 

to enhance digestion and incubating them on rollers for 1h at 37°C in 10ml of pronase 

solution. The pronase solution was then removed and the tissue was then incubated for a 

further 16 hours at 37°C in 30ml of collagenase solution. Following enzymatic digestion, the 

cell supernatant containing released chondrocytes was passed through a 70μm pore cell 

sieve and centrifuged at 733xg (2000 rpm) for 5 min using a mid bench centrifuge (ALC 

International Multispeed Model PK131R). The supernatant was removed and resulting cell 

pellet was then washed twice and re-suspended in 20ml of DMEM + 20% FCS. Chondrocyte 

viability and yield were then assessed after which the cells were resuspended at a 

concentration of 8 x 106 cells/ml.    

A minimum of three joints were isolated per experiment, conditional to the number of cells 

required.  

 

 

 

 

 

 

2.2.3 Trypan blue exclusion assay 

 

To assess the cell yield and viability in the cell suspension obtained from isolation; 20μl of 

the cell suspension was mixed with an equal volume of 0.4% trypan blue and added to the 

0.1mm deep chamber of the haemocytometer. This mixture was then examined under the 

microscope at a magnification of x10, ensuring that the phenomenon of Newton’s rings was 

observed.  Non-viable cells were identified by their blue-stained cytoplasms, whereas viable 

Figure 2.2. Isolation of full depth articular cartilage from bovine metacarpalphalangeal joint. 
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cells with an intact membrane exhibited clear cytoplasms. Typically, 95-100% cell viability 

was obtained from each cell suspension following isolation.   

 

2.2.3 Preparation of cell seeded agarose constructs 

 

Following the trypan blue dye exclusion assay, cells were re-suspended in medium at a 

concentration of 8 × 106 cells/ml for the preparation of 3D chondrocyte / agarose constructs. 

A suspension of agarose type VII in Earle’s Balanced Salt Solutions (EBSS, Sigma 

Chemical Co., Poole, UK) was prepared at a concentration of 6% (w/v) and autoclaved at 

121°C for 45 min, after which it was transferred to a 60°C oven for 1 hour and then allowed 

to cool on rollers at 37°C. Once the molten agarose was cooled, an equal volume of cell 

suspension was carefully added to it to yield a final cell concentration of 4 × 106 cells/ml in 

3% (w/v) agarose. The chondrocyte/agarose suspension was mixed on rollers to achieve a 

uniform cell density and then transferred into a sterile stainless steel mould, containing holes 

of 5mm in diameter and 5mm in height. The agarose was allowed to gel at 4°C for 10 min to 

yield cylindrical constructs of the mould dimensions, which were then removed and 

transferred into a 24-well tissue culture plate. All constructs were equilibrated in 1 ml of 

DMEM + 20% FCS at 37°C in 5% CO2 for 72 hours, after which they were subjected to 

various test/ex-vivo conditions as described subsequently.  

 

2.2.4 Digestion of cell seeded agarose constructs 

 

At the end of the application of various test conditions, constructs and their corresponding 

media were removed and stored at −20°C prior to biochemical analysis and at -80°C prior to 

qRT-PCR analysis. Digested buffer was prepared by first supplementing 480ml of phosphate 

buffer saline (PBS, Sigma-Aldrich Ltd, Gillingham, Dorset) solution with 5mM of 

ethylenediaminetetra-acetic acid (EDTA) and 5mM of L-cysteine hydrochloride 

monohydrate, followed by adjusting its pH to 6.0. Each construct was then incubated in 1ml 

of digest buffer at 70°C, after which they were allowed to cool at 37°C for 30mins. 

Constructs were then digested overnight at 37°C with 10 unit/ml agarase followed by 1 hour 

at 60°C with 2.8 unit/ml papain (All from Sigma-Aldrich Ltd, Gillingham, Dorset, UK), as 

previously described (Lee and Bader, 1997, Lee and Knight, 2004). 
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2.3 Uninterrupted culture system – Biospherix incubator 

  
The effect of 5% and 21% oxygen tension were examined in constructs cultured under free-

swelling conditions in a glove-box style workspace integrated within a closed incubator (Fig. 

2.3; Biospherix Ltd, Lacona, NY, USA) to ensure that the experimental conditions during set-

up were uninterrupted, as previously described (Heywood et al., 2006). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. The Biospherix incubator 
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2.4 Mechanical loading 

 

2.4.1 Mechanical loading apparatus 

 

A novel ex-vivo bioreactor (Bose ElectroForce, Gillingham, UK) was incorporated for the 

application of intermittent uni-axial compressive strain to 3D chondrocyte/agarose constructs 

cultured at 5% and 21% oxygen tensions. The cell-straining apparatus (Fig. 2.4A) comprised 

of a controlled loading system which was placed in the Biospherix incubator (Fig. 2.4B) to 

maintain a sterile tissue culture environment. Application of dynamic compression was 

achieved through an electromagnetically controlled vertical actuator which was connected to 

a load cell capable of withstanding a maximum of 225N (BOSE ElectroForce System Group, 

Minnesota, USA). The vertical movement of the actuator was assessed by a Linear Variable 

Differential Transformer (LVDT DG 2.5 Guided, SolartronMetrology, RS Components Ltd, 

Corby, UK), which was linked via a central rod to a custom designed mounting plate located 

within a Perspex chamber. With the help of a locking screw the relative movement of the 

central rod to the Perspex chamber was controlled. The mounting plate consisted of a matrix 

of 24 holes which were equally disturbed across its five segments. These segments were 

held together in place by locating rods and clamping nuts. Each of the 24 holes 

accommodated an equal number of 316L stainless steel loading pins (Ø 4mm × height 

31mm, 2g mass) connected to circular platen heads (Ø 11mm). The innermost holes 

restrained the vertical motion of 12 stainless steel pins, while the outer ones allowed free 

movement of the other 12 identical loading pins. Prior to set-up of the cell-straining 

apparatus, the Perspex chamber, mounting plate and loading pins were all sterilized and 

placed in a class II cabinet flow hood to maintain sterile conditions (Lee and Bader, 1997).  

 

2.4.2 System set-up for the application of dynamic loading 

 

Constructs were transferred into individual wells of a 24-well culture plate (Costar, High 

Wycombe, UK) and loaded onto the mounting plate in the Perspex chamber such that each 

pin was located directly above each centrally located construct in the 24-well plate. The 12 

innermost pins were then released, ensuring that each pin was in contact with the surface of 

a cylindrical construct. This was followed by clamping the pins to keep them in place. Once 

the mounting plate and constructs were aligned, 1ml of DMEM + 20% FCS was 

supplemented to each construct by the means of a syringe and a right-angled needle.  The 

Perspex box was then transferred into the Biospherix incubator and the central rod 

connected to the actuator. The outermost constructs represented control specimens which, 

due to the weight of the pins, were subjected to an equivalent tare strain of 0.2% throughout 

the test protocol. On the other hand, the innermost constructs were subjected to intermittent 

compression under unconfined conditions, with a profile of 10 min compression followed by 
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a 5 hour 50 min unstrained period for 48 hours, as previously described. The ex-vivo 

conditions had been previously reported to be optimal when measuring the production of 

inflammatory mediators and protein synthesis (Parker et al., 2013, Raveenthiran & 

Chowdhury, 2009, Chowdhury, Bader and Lee, 2001). The dynamic compression regime 

was applied at a strain amplitude of 0-15 % using a sinusoidal waveform at a frequency of 1 

Hz, resulting in a total of 4800 duty cycles during the 48 hour culture period. 
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Figure 2.4. The ex vivo 3D/bioreactor system. Bose bioreactor cell straining apparatus (A) integrated 

with the Biospherix (B). Inset in (A) shows custom designed compressive mounting plate with loading 

pins positioned above a 24-well culture plate. 
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2.5 Biochemical analysis  

 

2.5.1 DNA quantification 
 

The DNA content in each chondrocyte/agarose construct was quantified using the 

fluorometric dye, Hoechst 33258 as a means of assessing cell proliferation (Kim et al., 

1988). The DNA-specific stain binds to contiguous adenine-thymine base pairs, resulting in 

the emission of fluorescence at a wavelength of 460nm (Lee et al., 1997, Rao and Otto, 

1992).  

 

Initially, saline sodium citrate (SSC) was prepared by adding 44.1g of trisodium citrate and 

87.65g of sodium chloride to 500ml of distilled water. The resulting solution was then 

adjusted to pH 7.0 with 1M of hydrochloric acid or 1M of sodium hydroxide. The buffer was 

then diluted by a factor of 20 and an equal volume was added to a solution of 0.01M PBS 

containing 0.7g of cysteine hydrochloride and 0.4g of EDTA, resulting in a ratio of 1:1. A 

serial dilution of calf thymus type XV DNA (all reagents supplied by Sigma-Aldrich, Poole, 

UK) was then prepared in the SSC/PBS buffer to generate concentrations ranging between 

0 and 20µg/ml (0, 0.31, 0.62, 1.25, 2.5, 5, 10 and 20µg/ml). 100µl of each concentration of 

DNA was then pipetted the wells of a 96-well plate in triplicates, along with an equal volume 

of each digested chondrocyte/agarose construct. A volume of 100µl of 1µg/ml Hoechst 

33258 (in digest buffer) was then added to all the samples and standards. Finally, using a 

fluorometer (FLUOstar, BMG Labtech Ltd., Aylesbury, UK), fluorescence was then 

measured at an excitation wavelength of 355nm and an emission wavelength of 460nm, 

which corresponded to the total DNA content per chondrocyte/agarose construct, using the 

standard curve as shown in figure 2.5. 
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Figure 2.5. DNA standard curve obtained from fluorometer at an emission and excitation wavelength 

of 355nm and 460nm, respectively, which was then used to determine the concentration of DNA in 

each chondrocyte/agarose construct (Error bars represent SD of 3 replicates).  
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Results from the Hoechst 33258 standards were plotted as DNA concentration versus 

fluorescence with a linear trendline fitted to the data. The graph was then used to calculate 

the absolute concentrations of DNA in each sample. The total DNA content derived from the 

fluorometric assay was subsequently used to normalise GAG synthesis. Additionally, the cell 

number within each construct was determined by dividing the total quantity of DNA by the 

average amount of DNA present in a single primary bovine chondrocyte, typically 7.7pg (Kim 

et al., 1988). 

 

2.5.2 Quantification of GAG synthesis 

 

Proteoglycan aggrecan is one of the major matrix macromolecules present in articular 

cartilage and has a great impact on the healthy functioning of the tissue. It consists of a 

multi-domain globular core protein to which numerous sulphated GAG chains are attached 

(Kiani et al., 2002), as described in chapter 1. In cell culture models, an increase in 

proteoglycan synthesis results in the release of this proteoglycan into the culture 

supernatant, which can be assessed by assaying the GAG content of the culture medium. 

During this process, some of the GAG remains bound up with cells in the 3D scaffold, which 

makes it necessary for the GAG content of the scaffold to be also examined. Another factor 

responsible for the release of GAG into the culture supernatant in 3D cell culture models is 

the response of cells to damaging factors such as cytokines (Wann et al., 2010). As such, in 

subsequent studies a well-established spectrophotometric assay, involving the use of the 

1,9-dimethylmethylene blue dye (DMMB, Sigma-Aldrich, Poole, UK) was employed for the 

quantification of GAG content in chondrocyte seeded agarose constructs (Farndale et al., 

1982, Enobakhare et al., 1996). The binding of the cationic dye to the negatively charged 

carboxyl and sulphate groups of GAGs induces a metachromatic shift of the absorbance 

peak from 600nm to 535nm, which can be detected using a spectrophotometer. This method 

has proven to be a reliable and convenient means of quantifying the turnover of aggrecan 

and proteoglycan synthesis in cultured chondrocyte/agarose constructs. 

 

Once chondrocyte/agarose constructs were digested with papain and agarose as previously 

described in section 3.2.5, both media and digested constructs were assayed for sulphated 

GAGs in duplicates. Initially, a stable solution of DMMB was prepared by dissolving 2g of 

sodium formate, 0.016g of DMMB and 5ml of ethanol in 1000ml of water, using a magnetic 

stirrer. The pH of the resulting solution was then adjusted to 3.0 with either 1M sodium 

hydroxide or 1M hydrochloric acid (all reagents supplied by Sigma-Aldrich, Poole, UK) and 

stored at room temperature while ensuring it was protected from light at all times. Using a 

1mg/ml stock solution, a serial dilution of bovine chondroitin 4-sulphate standards were then 

prepared at concentrations ranging from 0 to 50µg/ml, at increments of 5µg/ml in distilled 

water. 40µl of each standard was then aliquoted in duplicates into each well of a 96-well 

plate, along with an equal volume of agarose/papain digests or the corresponding media in  
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separate wells. A volume of 250µl of DMMB (100µg/ml) was then added to all samples and 

standards, followed by the immediate measurement of absorbance using a 

spectrophotometer (FLUOstar, BMG Labtech Ltd., Aylesbury, UK), at a wavelength of 

595nm. This resulted in the generation a standard curve as shown in figure 2.6.  

 

Results from the chondroitin 4-sulphate standards were plotted as GAG concentration 

versus absorbance with a linear trendline fitted to the data. The graph was then used to 

calculate the absolute concentrations of sulphated GAG in each sample. Total GAG 

synthesis in each digest and its corresponding medium was then calculated and normalised 

to its DNA concentration as shown in equation 3.1. 

[𝐺𝐴𝐺𝑠𝑦𝑛𝑡ℎ] =
{[𝑐𝐺𝐴𝐺] + [𝑚𝐺𝐴𝐺]}

[𝑐𝐷𝑁𝐴]
 

 

Where: 

[GAGsynth] = Total GAG synthesis 

[cGAG] = GAG measured in agarose construct  

[mGAG] = GAG measured in the corresponding medium 

[cDNA] = DNA measured in agarose construct 

 

2.5.3 Quantification of nitric oxide release 

 

In oxygenated solutions, nitric oxide (.NO) is converted into nitrate (NO3) and nitrite (NO2). 

.NO production can be determined by quantifying its derivative NO2, spectrophotometrically 

         Equation 2.1 
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Figure 2.6. Standard curve for chondroitin 4-sulphate complexed with DMB and measured at an 

absorbance of 595nm (Error bars represent SD of 2 replicates). 
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in the media of cultured cells. Upon reacting with Griess reagent, NO2 can be identified at a 

wavelength 550nm (Gross et al., 1991).However, one of the limitations associated with this 

assay is the lack of sensitivity and ability to detect nitrate levels in the culture supernatant. 

As such, nitrate must first be converted into nitrite for total nitrite production (NO2 + NO3) to 

be quantified. For example, Marzinzig reduced nitrate to nitrite with the use of nitrate 

reductase in order to determine .NO production (Marzinzig et al., 1997). Nevertheless, ,NO 

can form numerous nitrogen intermediates, including peroxynitrite and nitrosothiols, which 

would need to be identified and measured in order to accurately quantify  .NO production. 

The detection of nitrite is limited to values between 1 and 4µM and forms roughly 20% of 

.NO (Fermor et al., 2001). However, the Griess assay assumes that the ratio of nitrite to 

nitrate remains constant   

 

Initially, a stock solution of 100µM sodium nitrite (NaNO2) was diluted using phenol red 

deficient culture media to yield concentrations of NaNO2 standards ranging from 0 to 50µM, 

at increments of 5µM. 50µl of each standard was then aliquoted in duplicates into each well 

of a 96-well plate, along with an equal volume of sample in separate wells.  

 

85% stock solution of orthophosphoric acid was diluted to 5% in distilled water, and was 

used to prepare the Griess reagent which consisted of 1% (w/v) sulphanilamide and 0.01% 

(w/v) naphthylethylenediamine (NED) in 5% orthophosphoric acid, respectively (all reagents 

supplied by Sigma-Aldrich, Poole, UK). Equal volumes of these reagents were then mixed 

together, and 50µl of the Griess reagent was added to samples and standards in the 96-well 

plate. The plate was then immediately transferred onto the Ascent plate reader, which was 

used to measure absorbance at 550nm, followed by the generation of a standard curve, as 

illustrated in figure 2.7.  
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Figure 2.7. Nitrite standard curve (Error bars represent SD of 2 replicates). 
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The Griess reagent coverts nitrite into an azo compound which has an absorbance peak at 

550nm, hence permitting the precise quantification of nitrite concentration within the culture 

supernatant. Results from the NaNO2 standards were plotted as nitrite concentration versus 

absorbance with a linear trendline fitted to the data. The graph was then used to calculate 

the absolute concentrations of nitrite released into the culture media of each sample. 

 

2.5.4 Quantification of PGE2 synthesis  

 

Prostaglandins belong to the class of prostanoid fatty acid derivatives of arachidonic acid, 

which is released on the action of phospholipidases on membrane phospholipids. The 

arachidonic acids are then converted into PGG2 and PGH2 by the cyclooxygenases, COX-1 

and COX-2. Finally, PGE2 is formed when prostaglandin E2 synthatase (PGES) acts on 

PGG2 and PGH2. PGE2 is produced by a variety of cell types including monocytes and 

macrophages. COX and PGES exist in different isoforms too, which can be constitutively or 

inducibly activated by inflammatory stimuli. An increase in the levels of PGE2 is observed in 

various pathological conditions, including inflammation, arthritis, fever, tissue injuries and a 

wide variety of cancers. However, PGE2 synthesis can be blocked either with the use of 

corticosteroids which inhibit phospholipases or with the use of non-steroidal anti-

inflammatory drugs (NSAIDs), which inhibit COXs.  

 

In the present work, PGE2 synthesis was quantified in culture supernatants, using a high 

sensitivity enzyme immunoassay (EIA) kit, according to manufacturer’s instructions (R&D 

Systems, Abingdon, Oxfordshire, UK). The assay is a 3.5 hour forward sequential 

competitive enzyme immunoassay which involves the competition of PGE2 present in a 

sample with horseradish peroxidase (HRP)-labelled PGE2 for the limited number of binding 

sites on a mouse monoclonal antibody.  

 

Prior to carrying out the assay, all frozen reagents of the PGE2 ELISA kit were brought to 

room temperature (20°C), which included wash buffer concentrate, PGE2 standard, 

calibrator diluent RD5-56, primary antibody solution, PGE2 conjugate, color reagents A, color 

reagent B and stop solution, as shown in table 2.2.  

Once the reagents were fully thawed, the wash buffer was prepared by carrying out a 1:25 

dilution of the wash buffer concentrate with distilled water. The PGE2 standard was then 

reconstituted with 1ml of distilled water to yield a stock solution of 25,000pg/ml. This solution 

along with the calibrator diluent RD5-56 was then used to prepare a serial dilution of PGE2 

standards with concentrations ranging from 0 to 2500pg/ml. In the non-specific binding 

(NSB) wells of the 96-welll plate, 200µl of calibrator diluent RD5-56 was aliquoted in 

duplicates to serve as zero standards. The sample preparation process was then initiated by 

first pipetting 50µl of samples and standards into the remaining wells of the 96-well plate, 
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followed by 100µl of calibrator diluent RD5-56. 50µl of primary antibody solution was then 

added to all wells, excluding the NSB wells, leaving all but the NSB wells blue in colour.  

Table 2.2: Composition of reagents supplied used for PGE2 quantification.  

Reagent Composition 

96-well microliter plate Polystyrene microplate coated with goat anti-mouse 

polyclonal antibody 

Wash buffer concentrate A 25-fold concentrated solution of buffer surfactant. 

PGE2 standard 25,000pg of lyophilised PGE2 standard 

PGE2 antibody solution Lyophilised PGE2 antibody diluted with 6ml of assay buffer 

PGE2 conjugate Lyophilised PGE2 conjugated to horseradish peroxidase, 

diluted in 6ml of assay buffer 

Calibrator diluent RD5-56 Buffered protein based solution 

Color reagent A Stabilised hydrogen peroxide solution 

Color reagent B Stabilised chromagen (tetramethylbenzidine) solution. 

Stop solution 2N sulphuric acid  

 

*It is worth noting that the concentrations of some of the above reagents were propriety due 

to the discretion of the company and as such were not provided to the author. 

 

The 96-well plate was then securely covered with a plate sealer and incubated for 1 hour at 

room temperature on a horizontal orbital microplate shaker set to orbit at 0.12”, at a speed of 

500±50rpm. The purpose of this first incubation was to allow the PGE2 present in samples to 

bind to the limited mouse monoclonal antibody. Following this, 50µl of PGE2 conjugate was 

added to all wells, resulting in a colour change from blue to violet. The 96-well plate was 

then sealed with a coverslip and a second incubation was carried out for 2 hours on a 

horizontal orbital shaker set at the same conditions as the first incubation. This incubation 

permitted binding of the (HPR)-labelled PGE2 present in the PGE2 conjugate to the 

remaining antibody sites. Once the second incubation period was completed, all the wells of 

the 96-well plate were aspirated and washed using wash buffer in a squirt bottle, while 

ensuring the removal of all unbound materials from the wells. This process was repeated 3 

times, after which the plate was blotted against clean paper towels in order to remove any 

remaining wash buffer from the wells. A light sensitive substrate solution was then prepared 

by mixing equal volumes of color reagents A and B, 200µl of which was then added to all 

wells of the 96-well plate in order to determine the bound enzyme activity. A further 30 

minutes incubation of the samples was then carried out on a bench top, at room 

temperature, while ensuring that the plate was protected from light at all times. Finally, 100µl 

of the stop solution provided was added to all wells to stop the colour development, which 

resulted in a colour change of the wells from blue to yellow. The optical density (OD) of each 
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well, was then determined with the use of the Ascent spectrophotometer, at a wavelength of 

450nm, within 30 minutes of adding the stop solution. On processing the 96-well plate using 

the plate reader, the mean OD of the NSB wells were then subtracted from that of each 

PGE2 standard as shown in equation 3.2. A standard curve was then constructed by plotting 

these values (Final OD) on a linear y-axis versus PGE2 concentration in a logarithmic form, 

as shown in figure 2.8. A best fit curve was then drawn through the points on the graph and 

used to calculate the final PGE2 concentration of each sample in the 96-well plate. The 

sensitivity of the assay was equivalent to 30.9pg/ml.                    

𝐹𝑖𝑛𝑎𝑙 𝑂𝐷 =  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑂𝐷 − 𝑁𝑆𝐵 𝑂𝐷 

Where: 

[Standard OD] = Mean optical density of each PGE2 standard 

[NSB OD) = Mean optical density of NSB wells 

[Final OD] = Final optical density 
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        Equation 2.2 

Figure 2.8. PGE2 standard curve ranging from 39 to 1250pg/ml. 
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2.5.5 Total MMP activity measurement using fluorogenic 

substrate 

 

In the study, MMP activity was kinetically assayed by employing the fluorogenic peptide 

substrate, Dnp-Pro-β-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(Nma)-NH2 (Dnp=2, 4-

dinitrophenyl; Nma=N-Me-2-aminobenzoyl; N-Me=anthranilic acid; Enzo Life Sciences, 

Exeter, UK), which can measure the activity of MMP-1, -3, -7, -8, -9, -11, -12, -13 and -14. 

The peptide is also capable of detecting MMP-2 activity but only to a relatively lower extent 

compared to the aforementioned MMPs. On the introduction of an active protease to the 

fluorogenic peptide substrate, cleavage of the bond which exists between Gly-Cys (Me) 

(fluorophore) occurs, resulting in an increase in fluorescence by Nma (quencher) at 440nm, 

once it is separated from the aromatic Dnp moiety. This increase in fluorescence can be 

detected by a fluorometer in the form of a kinetic profile as shown in figure 2.9. The gradient 

of the linear region of the graph is then calculated, which corresponds to the amount of 

active protease activity present per sample (Mohan et al., 2002, Fields, 2000).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

2.5.5.1 Established assay procedure 

 

The following section provides a detailed description of an established assay for determining 

MMP activity using the fluorogenic peptide substrate. A stock solution of the Fluorogenic 

peptide Substrate (Dnp-PChaGCHAK(Nma), Enzo Life Sciences, Exeter, UK) was initially 

prepared by adding 1mg of the substrate (per vial) to the required volume of 
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Figure 2.9. Fluorescence changes in MMP-1 activity to show kinetic performance during incubation 

with time (sec). Note the initial rate of hydrolysis before the reaction reached plateau. The change of 

fluorescence with time should be calculated from the linear part of the reaction (green square).   
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dimethylsulfoxide (DMSO, Sigma-Aldrich, Dorset, UK) to form a peptide solution with a 

resultant concentration of 20mM. In order to achieve an accurate concentration of the 

peptide solution for each batch, the precise volume of DMSO required must be calculated by 

taking the specific purity and content of the peptide into account. A sample calculation for 

the volume of DMSO required to achieve 20mM of stock solution from a fluorogenic peptide 

substrate with a purity of 97% and content of 86.4% is as follows:   

Equation 2.3: 

(
𝑚𝑜𝑙

1077.2𝑔
)  𝑥 (

1𝑥103𝑚𝑚𝑜𝑙

𝑚𝑜𝑙
) 𝑥 (

𝐿

20𝑚𝑚𝑜𝑙
) 𝑥 (

1𝑥106

𝐿
µ𝑙) 𝑥 (

𝑔

1𝑥103𝑚𝑔
)  𝑥 (𝟎. 𝟖𝟔𝟒𝑥1𝑚𝑔)𝑥 (𝟎. 𝟗𝟕)

= 38.9µ𝑙 𝐷𝑀𝑆𝑂 

It should be noted that the fluorogenic MMP substrate is light sensitive and, as such, must 

always be light protected, even during stock preparation. The resulting stock solution was 

then divided into 4µl aliquots and stored at -20⁰C.  

 

Following this, a 10X assay buffer was prepared by adding the reagents (all purchased from 

Sigma-Aldrich, Dorset, UK) listed in Table 2.3 into a 150ml universal container (Sterilin, 

Caerphilly, UK). A magnetic stirrer was then used to ensure that all solutes were completely 

dissolved. The pH of the resulting solution was then adjusted to 7 with either formic acid or 

sodium hydroxide (NaOH).  

 

Table 2.3: Reagents required for the preparation of 10X substrate assay buffer. 

Reagents Final Concentration Amount of reagent 

HEPES buffer 500mM 100ml 

Calcium chloride 

(CaCl2) 

100mM 1.1098g 

Brij-32 0.5% 1.67ml 

 

In order to detect the activity of MMP-2, the 10X substrate assay buffer was modified by 

adding 100µM of zinc chloride (ZnCl2).  

 

Since this assay was light sensitive in nature, a white, opaque, flat-bottomed, uncoated 96-

well plate (ThermoFisher Scientific, UK) was required to run the test in order to determine 

the total MMP activity in the culture supernatant of each chondrocyte/agarose constructs. On 

the completion of each experiment, 20µl of culture supernatant was pipetted into each well 

of the 96-well plate in duplicate and sealed with a cover slip before storing the plate at 4⁰C. 

The 1x substrate assay buffer was prepared using the reagents listed in Table 2.4, such that 

the MMP substrate stock solution was used at a final concentration of 10µM. Since a 96-well 

plate was used, sufficient amounts of 1x substrate assay buffer was prepared for >96 wells 

or reactions (100 reactions, Table 2.4), ensuring that all of the 96-well plates were utilized.  
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Table 2.4: Reagents required for the preparation of 1x substrate assay buffer. 

Reagents Volume of reagents per 

reaction (µl) 

Volume of reagents 

per 100 reactions (µl) 

10x substrate assay 

buffer  

7 700 

20mM fluorogenic MMP 

substrate  

0.035 3.5 

Distilled water 43 4300 

 

Once the 1x substrate assay buffer was prepared, the 96-well plate was removed from 4⁰C, 

followed by pipetting 50µl of the prepared 1x substrate assay buffer to 20µl of culture 

supernatant in each well. In order to run a negative control, at least 2 wells contained only 

50µl of 1x substrate assay buffer. The plate was then quickly transferred to the FLUOstar 

(BMG Labtech Ltd, Aylesbury, UK), followed by the selection of plate reader settings listed in 

Table 2.5 and the fluorometer was used at excitation wavelength of 340nm and an emission 

wavelength of 460nm. Figure 2.10 illustrates the kinetic profile obtained from running the 

described assay.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 shows the kinetic profile obtained from performing the established fluorogenic 

substrate peptide assay on culture supernatants obtained from treating chondrocyte/agarose 

Figure 2.10. Kinetic profile obtained from performing the established fluorogenic substrate peptide 

assay on culture supernatants obtained from treating chondrocyte/agarose constructs with 0 or 

10ng/ml of TNFα for 48 hours. RFU = Relative fluorescence unit. 
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constructs with 0 or 10ng/ml of TNFα for 48 hours. It was observed that only a marginal 

increase in fluorescence with time was obtained from performing the established assay on 

both samples. Instead, constant fluorescence was observed with time. Also, the kinetic 

profile generated was incomplete and did not plateau to confirm the completion of hydrolysis 

of the fluorogenic substrate. Failure to acquire the standard kinetic profile (Fig. 2.9) may 

have been due to a number of factors, which will be discussed in the optimization section 

below (section 2.5.5.2). Figure 2.11 illustrates the trial and error steps taken in optimizing the 

MMP fluorogenic substrate assay, starting from the established assay described above.  

 

Table 2.5: Plate reader settings for fluorogenic MMP substrate assay. 

Plate reader settings Measurement 

Plate mode Kinetic, fluorescence  

Microplate Nunc maxisorp 96 

No of cycles 25 

No of flashes 20 

Positioning delay 0.5s 

Reading direction Horizontal reading 

Cycle time 110s 

No of multichromatics  1 

Excitation filter 340nm 

Emission filter 460nm 

Gain 64 

Temperature 25⁰C 

Start reading 1s 
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Figure 2.11. Flow chart illustrating the trial and error steps taken in optimizing the MMP fluorogenic 

substrate assay, starting from the established assay. 
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2.5.5.2 MMP Optimization  

 

I. ZnCl2 supplement  

 

On addition of ZnCl2 to the 10X substrate buffer solution in order to detect the activity of 

MMP-2 (Fields, 2000, Enzo Life Sciences, Exeter, UK), less fluorescence was observed 

when compared to buffers which were not supplemented with ZnCl2 (Fig. 2.12). As such, 

10X substrate assay buffer prepared for subsequent steps of the optimization process of the 

assay were not supplemented with ZnCl2, as shown in Table 2.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. Reflective properties of 96-well plate  

 

Due to the employment of the fluorogenic peptide substrate, the assay was considered to be 

light-sensitive, implying that the use of opaque 96-well plates were essential in carrying out 

the entire assay. As such, either black or white flat bottomed, uncoated 96-well plates could 

be employed. In our initial MMP assay, a white, flat-bottomed, uncoated 96-well plate was 

used (Thermo Fisher Scientific, UK), which resulted in the measurement of fluorescence 

readings which remained constant throughout (Fig. 2.10). The primary difference between 

white and black plates is their reflective properties. While white plates reflect light and 

maximize the light output signal, black plates absorb light and reduce background 

Figure 2.12. Kinetic profile obtained from performing the established fluorogenic substrate peptide 

assay on culture supernatants obtained from chondrocyte/agarose constructs cultured with 0 or 

10ng/ml of TNFα for 48 hours in the presence and absence of ZnCl2. RFU = Relative fluorescence 

unit. 
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fluorescence and crosstalk. For these reasons, white plates are commonly used for 

luminescent assays and black plates are used for fluorescent assays, particularly those 

which employ fluorophores with short half-lives. However, time-resolved fluorescence 

assays usually use longer half-life fluorophores and can use either white or black plates 

(Promega, Southampton, UK). For these reasons, a black, flat-bottomed, uncoated 96-well 

plate (Thermo Fisher Scientific, UK) was employed in order to test this theory and further 

optimise the assay. The use of black plates however (Fig. 2.13), did not lead to any 

differences in the results obtained from performing the fluorogenic substrate assay in white 

plates, where samples were treated without ZnCl2. As such, subsequent optimization steps 

were performed with the use of white, flat-bottomed, uncoated 96-well plates.  
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Figure 2.13. Kinetic profile obtained from employing black, flat-bottomed, uncoated 96-well plates to 

perform the fluorogenic substrate peptide assay on culture supernatants obtained from 

chondrocyte/agarose constructs cultured with 0 or 10ng/ml of TNFα for 48 hours, in the presence of 

ZnCl2. RFU = Relative fluorescence unit. 
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Table 2.6: Parameters altered throughout the optimization process of the fluorogenic peptide substrate assay.  

 

 

 Original 
Protocol 

Step 1. Step 2. Step 3. Step 4. Step 5. Step 6. 

Optimization parameters Amount 
 

      

ZnCl2 (+) (-) (-) (-) (-) (-) (-) 

Fluorogenic peptide substrate 10µM 10µM 10µM 10µM 0, 5, 10µM 10µM  10µM 

APMA (-) (-) (-) (-) (-) (-) (-) 

Standard curve  (-) (-) (-) (-) (-) (-) (-) 

Substrate application method Pipetting Pipetting Pipetting Injection system Pipetting Pipetting  Pipetting 

Plate reader settings 
 

Measurement       

Microplate white white White, black white white white white 

Plate mode            x       

No of cycles 25 25 25 25 25  25 25 

Cycle time (s) 110 110 110 110  110  110   x 

Well mode x x x        x              x              x 

No of intervals x x x 20 x x x 

Interval time x x x 1.5 x x x 

Total measurement time/well (s) (5-
7min max.) 

x x x 300 x x x 

No of flashes 20 20 20 20 20 20 20 

Positioning delay 0.5s 0.5s 0.5s 1s 0.5s 0.5s 0.5s 

Reading direction Horizontal 
reading 

Horizontal 
reading 

Horizontal 
reading 

Horizontal 
reading 

Horizontal 
reading 

Horizontal 
reading  

Horizontal 
reading 

No of multichromatics  1 1 1 1 1 1 1 

Excitation filter 340nm 340nm 340nm 340nm 340nm 340nm 340nm 

Emission filter 460nm 460nm 460nm 460nm 460nm 460nm 460nm 

Gain (%) 10 10 10 10 10 10 10-60 

Temperature (⁰C) 25 25 25 25 25 37 25 

Start reading (s) 1 1 1 1 1 1 1 
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 Original 
Protocol 

Step 7. Step 8. 9. Optimized 
Protocol 

Optimization parameters Amount 
 

   

ZnCl2 (+) (-) (-) (-) 

Fluorogenic peptide substrate 10µM 10µM 10µM 10µM 

APMA (-) (-) (+) (+) 

Standard curve  (-) (-) (-) (-) 

Substrate application method Pipetting Pipetting Pipetting Pipetting 

Plate reader settings Measurement 
 

   

Microplate white white white white 

Plate mode         

No of cycles (200 max. or 250) 25  200  200 250 

Cycle time (s) 110   110 110 120 

Well mode x              x x x 

No of intervals x x     x     x 

Interval time x x     x     x 

Total measurement time/well 
(s) (5-7min max.) 

x x     x     x 

No of flashes 20 20 20 20 

Positioning delay 0.5s 0.5s 0.5s 0.5s 

Reading direction Horizontal 
reading 

Horizontal 
reading  

Horizontal 
reading  

Horizontal 
reading  

No of multichromatics  1 1 1 1 

Excitation filter 340nm 340nm 340nm 355nm 

Emission filter 460nm 460nm 460nm 460nm 

Gain (%) 50 50 50 24.5 

Temperature (⁰C) 25 25 25 25 

Start reading (s) 1 1 1 1 
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III. Substrate application method  

 

The time point at which fluorescence measurements were taken, following the addition of the 

1x substrate assay buffer to the sample was another possible factor responsible for 

obtaining constant fluorescence over time. The change in fluorescence resulting from a low 

concentration and activity of MMPs takes place over a very short time period, following the 

addition of the fluorogenic substrate to the sample. By contrast, at high activity of MMP, 

fluorescent changes occur over an extended time period. Assuming that all the samples had 

significantly enhanced activities of MMPs on treatment with TNFα, it was essential that the 

plate reader was sensitive over the time course during which the change in fluorescence 

occurred. However, the addition of the substrate to individual wells using a single-channel 

Gilson pipette, prior to transferring the plate to the fluorometer may significantly reduce this 

sensitivity. Since the fluorescence value obtained from running the fluorogenic substrate 

assay was significant, when compared to the minimum fluorescence which can be read by 

the fluorometer (Fig.2.12 and 2.13), it was suggested that the initial rate of hydrolysis may 

have been missed, resulting in only the plateaued region (or constant) of the kinetic profile 

being recorded (Giricz, Lauer and Fields, 2011). This risk can be minimized by the following 

methods:    

 

 Using a multichannel pipette (8 tips), instead of a single-channel Gilson pipette to 

add the 1x substrate assay buffer into 8 wells simultaneously, immediately after 

which the plate is transferred onto the plate reader for the acquisition of 

fluorescence measurements  

 

 Using the injection system associated with the fluorometer for the application of the 

substrate assay buffer into a single well, immediately followed by taking 

fluorescence measurements from the filled well. Subsequent wells could then be 

monitored in a similar fashion (ThermoFisher Scientific, Loughborough, UK).   

 

From the two application methods, the injection system was considered to be the most 

efficient in minimizing the time between the addition of substrate into the wells and the 

initiation of fluorescence measurements, as it did not require the 96-well plate to be 

transferred onto the plate reader, once the substrate was added to the wells. Unlike pipetting 

using a single or multichannel pipette, the process of substrate application to the wells and 

fluorescent measurements each took place while the plate was already in the fluorometer. 

As such, the injection system was used to optimize the assay.  

 

Before the 1x substrate buffer was added into the wells of the 96-well plate, the injection 

system was required to be primed using 0.1M sodium hydroxide (NaOH) in 0.1% 
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ethylenediaminetetraacetic acid (EDTA).This was achieved by placing a beaker containing 

NaOH+EDTA solution in the injection chamber of the fluorometer, from which a maximum 

volume of 4500µl of the solution was circulated at a speed of 310µl/s, throughout the pumps 

of the injector system, into an empty beaker within the same chamber. A further beaker 

containing distilled water was transferred into the injection chamber, which was used to rinse 

out any traces NaOH+EDTA solution. This was followed by priming the pumps again, but 

without immersing the end pipe to any solution, such that all traces of liquid were eliminated 

(ThermoFisher Scientific, Loughborough, UK).  

 

The use of the injector system does not allow ‘plate mode’ to be activated. As such, the 

fluorometer was set to ‘well mode’, such that the fluorescence measurements were taken 

from individual wells of the 96-well plate one at a time, before the addition of substrate into 

subsequent wells for the acquisition of consequent fluorescence readings. The injection 

system was then set to add 50µl of substrate buffer solution containing the fluorogenic 

peptide into each well. The rest of the fluorometer settings were adjusted as shown in table 

2.6 under step 4 of the optimization process. However, employing the injection system for 

the application of the fluorogenic substrate to samples in the 96-well plate did not result in 

any differences in the data obtained from performing the last optimization step. This 

suggested that the method of substrate application was not a contributing factor to the 

results obtained in figure 2.13. As such, a single-channel Gilson pipette was employed for 

the addition of the 1x substrate assay buffer into individual wells for subsequent optimization 

steps.  

 

An alternative strategy for increasing the sensitivity of the reading for samples with 

enhanced MMP activity involves diluting the sample, such that enough time is provided for 

recording the initial rate of hydrolysis. However, since the concentration of active MMPs per 

sample was known, this method was not used.  

 

IV. Substrate concentration 

 

Substrate concentration was another possible factor responsible for the development of an 

incomplete kinetic profile on incubating untreated and cytokine-treated samples with the 

fluorogenic peptide substrate. Indeed the optimal concentration of substrate required for all 

the active MMPs present in a sample to hydrolyse the fluorogenic substrate was unknown. 

Obtaining a constant fluorescence value over time (Fig. 2.13) may be due to insufficient 

substrate available to react with active MMPs in a sample. According to manufacturer’s 

instructions, the range of peptide concentration to be used is between 0 and 10µM, 

depending on the application, enzyme and other factors. This should result in a linear 

relationship between the initial rate of cleavage of the peptide and the concentration of 

MMPs.Since the fluorogenic peptide was used at a final concentration of 10µM in the 
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previous optimization steps, the effects of using the peptide at a lower concentration of 5µM 

was examined. This concentration was also chosen, as it had been previously documented 

to be the optimum concentration required to attain the standard kinetic profile illustrated in 

figure 2.9, in the identification of MMP activity (Giricz, Lauer and Fields, 2011). However, 

employing 5µM of the fluorogenic substrate did not result in any differences in the 

fluorescence readings obtained from using 10µM of the substrate. These results suggested 

that substrate concentration was not a contributing factor to the results obtained in figure 

2.13.  

 

V. Temperature 

 

The temperature of the plate reader chamber was also a potential factor in optimizing the 

assay. According to manufacturer’s instructions, the suggested range of temperature at 

which the assay should be run was 25-37⁰C. Since the initial test was run at the lowest 

temperature of 25⁰C, it could be presumed that this temperature was too low for MMPs to 

hydrolyse the peptide substrate. As such, the temperature at which the plate reader was set 

to was increased from 25 to 37⁰C. However this factor did not alter the results obtained in 

figure 2.13. As such, subsequent optimization steps were carried out at 25ºC. 

 

VI. Gain 

 

Gain was also a possible factor in obtaining a constant recording as opposed to the 

changing kinetic profile. Indeed this might have been due to setting a too high gain (Giricz, 

Lauer and Fields, 2011, Tokmina-Roszyk, Tokmina-Roszyk and Fields, 2013). As such, the 

optimum value of gain at which the fluorometer must be set was determined by testing 

various gains starting from 10% of the maximum fluorescence that can be recorded by the 

fluorometer, up to 60%, in increments of 10%. It is worth noting that the maximum 

fluorescence which can be measured by the fluorometer was approximately 70,000 RFU at 

an emission/excitation wavelength of 340/460nm.   

 

A significant increase in fluorescence was observed each time the gain was increased by a 

factor of 10, starting from 10% gain as shown in figure 2.13. However, each of the kinetic 

profiles obtained from increasing the gain did not reveal the plateau region present in a 

standard kinetic profile obtained from carrying out the fluorometric substrate assay. These 

results suggested that hydrolysis of the fluorogenic substrate by MMPs was incomplete. The 

gain at which the fluorometer was set, was not increased above 60%, since the fluorescence 

values obtained from setting the fluorometer at 60% gain were very close to the maximum 

fluorescence which can be read by the fluorometer. Increasing the gain above 60% would 

have resulted in a constant fluorescence reading being obtained.  
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VII. Number of cycles 

 

The number of cycles at which the fluorometer is set, demonstrates the number of time 

points at which fluorescence measurements are taken to develop a kinetic profile. Thus an 

increase in the cycle number will result in an increase in the number of time points at which 

measurements are taken. Since the kinetic profiles generated from increasing the gain were 

incomplete (Fig. 2.14), insufficient number of cycles was considered as a possible factor in 

observing such results. As such, the assay was repeated by increasing the number of cycles 

on the fluorometer from 25 to 200 cycles, while maintaining a gain of 50% as shown in figure 

2.15.  

 

On performing the assay at 200 cycles, an increase in the number of time points at which 

fluorescence readings were measured was observed. In order to ensure that fluorescence 

readings were not missed, the fluorometer was set to record measurements at the maximum 

number of cycles, 200 cycles. From this, the plateau region of the kinetic profile was 

revealed, ensuring that complete hydrolysation of the fluorogenic substrate by MMPs 

occurred.  This was in correlation to the standard kinetic profile observed on performing 

fluorogenic substrate assays, shown in figure 2.9. As such, subsequent optimization steps 

were carried out by setting the fluorometer at 200 cycles.    

Figure 2.14. Black, flat-bottomed, 96-well plates were employed to perform the fluorogenic substrate 

assay on culture supernatants obtained from culturing chondrocyte/agarose constructs for 48 hours 

with 0 or 10ng/ml of TNFα. The gain at which the fluorometer was set was increased from 10%, at 

increments of 10, up to 60% gain and the effects were observed on the kinetic profiles. RFU = 

Relative fluorescence unit. 
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VIII. Active versus pro-MMPs 

 

Another factor responsible for obtaining an incomplete kinetic profile is the presence of pro-

MMPs in the culture supernatant, incapable of hydrolysing the fluorogenic peptide substrate, 

unlike active MMPs. Additionally, freeze/thaw cycles of the culture supernatant, may 

influence the activities of both forms of the protease (Souza-Tarla et al., 2005). Although the 

kinetic profile obtained from the previous optimization step plateaued towards the end of the 

reaction, further optimization was carried out which involved introducing 4-

Aminophenylmercuric acetate (APMA, Sigma-Aldrich, UK) into the x1 substrate assay buffer 

at a final concentration of 2.5mM. This step ensured that pro-MMPs which might have been 

present in the culture supernatant were activated, such that maximum fluorescence output 

was achieved from each sample (Forsyth, Pulai, and Loeser, 2002) as follows.   

 

A stock solution of 0.5M of AMPA was initially prepared in DMSO in the fume hood, ensuring 

that a protective mask and gloves were used, due to the high toxicity of the reagent. The 

resulting solution was then stored in a 5ml bijou tube at 4⁰C.  

 

According to manufacturer’s instructions, 5μl of 0.5M APMA was added to 1ml of culture 

supernatant. The resulting solution was then incubated at 37⁰C for 1 hour, after which 20μl 

Figure 2.15. Black, flat-bottomed, 96-well plates were employed to perform the fluorogenic substrate 

assay on culture supernatants obtained from culturing chondrocyte/agarose constructs for 48 hours 

with 0 or 10ng/ml of TNFα. The cycle number was set to 200 cycles and the effects were observed on 

the kinetic profiles. RFU = Relative fluorescence unit. 
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of it was added to each well of a 96-well plate, using a single-channel Gilson pipette. The 

plate was then transferred onto the plate reader, followed by the addition of 1x substrate 

assay buffer which resulted in a final concentration of 0.7mM APMA. Fluorescence 

measurements were then carried out on each well using the settings listed in table 2.6, 

under step 7 of the optimization process.  

 

However, Forsyth et al. (2002) used APMA at a final concentration of 2.5mM to activate pro-

MMPs when measuring MMP production. As such, an alternative method was used to treat 

culture supernatant with APMA, such that a final concentration of 2.5mM of APMA was 

achieved after the addition of all the components of the assay, including the addition of the 

x1 substrate assay buffer, as follows. Additionally, freeze/thaw cycles of the sample were 

completely eliminated by using freshly obtained culture supernatants. 25µl of culture 

supernatant was initially pipetted into each well of a 96-well plate and covered using a cover 

slip, after which the plate was stored at 4⁰C until ready. A new solution, substrate buffer A, 

was then prepared as shown in table 2.7.  25µl of this solution was then added to the 96-well 

plate, re-covered using a coverslip and allowed to incubate in a fume hood for 1 hour at 

room temperature. Meanwhile, another solution, substrate buffer B, was prepared as shown 

in table 2.7, while ensuring that it was protected from light at all times.  

 

Table 2.7: Components of substrate assay buffer A and B. 

Substrate assay buffer A Substrate assay buffer B 

10X substrate assay buffer = 350µl 10X substrate assay buffer = 350µl 

Distilled water = 2,150µl Distilled water = 2,150µl  

APMA = 2.5mM Fluorogenic peptide substrate = 10µM 

 

Once samples in the 96-well plate were completely incubated for 1 hour, 25µl of substrate 

buffer B was pipetted using a single-channel Gilson pipette into each well. The 96-well plate 

was then immediately transferred into the FLUOstar, followed by the adjustment of plate 

reader settings as listed in Table 2.6 as ‘step 7’.  

 

Upon introducing APMA into the culture supernatant, a significant increase in fluorescence 

was observed with time in samples treated with 10ng/ml of TNFα and untreated controls, as 

shown in figure 2.16. These results suggest the presence of pro-MMPs in the culture 

supernatant, which were then activated by introducing APMA. Activated MMPs were then 

able to successfully hydrolyse the fluorogenic substrate, further enhancing the fluorescence 

output. As such, 2.5mM of APMA was introduced into culture supernatants used for 

subsequent fluorogenic substrate assays.  
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IX. Fluorometer filter 

 

Although reactions between the fluorogenic peptide substrate and proteases were monitored 

using excitation/emission filters with values of 340nm/440nm, manufacturer’s instructions 

suggest that the reactions can also be observed using excitation/emission filters of the 

following values: 360, 365/450, 460nm. Accordingly, excitation/emission filters with values of 

355nm/460nm were evaluated as part of the optimization process (Fig. 2.17). It was 

observed that employment of these filters resulted in higher fluorescence values when 

compared to those obtained from using filters with values of 340nm/440nm. This was 

because, altering the filters led to an increase in the value of the maximum fluorescence 

capable of being measured by the fluorometer. Additionally, the gain of the fluorometer was 

automatically set to 24.5% of the maximum fluorescence which can be measured by the 

fluorometer, further contributing to these changes in fluorescence.  

 

 

 

 

 

 

 

 

 

Figure 2.17. Kinetic profile obtained from carrying out the fluorogenic substrate assay on culture 

supernatants obtained from culturing chondrocyte/agarose constructs for 48 hours with TNFα, using 

excitation/emission filters with values 355nm/440nm. RFU = Relative fluorescence unit. 

Figure 2.16. Kinetic profile obtained from carrying out the fluorogenic substrate assay on culture 

supernatants obtained from culturing chondrocyte/agarose constructs for 48 hours with TNFα, using 

excitation/emission filters with values 355nm/440nm. RFU = Relative fluorescence unit. (***) = p<0.001 
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2.5.6 TNFα synthesis quantification 

 

The concentration of TNFα in culture supernatants was measured by ELISA, using reagents 

from National Institute for Biological Standards and Control (NIBSC, Hertfordshire, UK and 

Sigma-Aldrich Ltd-Aldrich, UK). Briefly, Nunc maxisorp plates (Thermo scientific) were 

initially coated overnight at 4°C with anti-TNFα [monoclonal antibody (MAb) clone 357-101-

4, NIBSC]. Plates were then blocked with 1% bovine serum albumin (BSA), followed by the 

addition of 50µl of culture supernatant or the World Health Organisation International 

Standards (2nd WHO Internal Standard for TNF-α NIBSC 88/786). 50µl of polyclonal anti-

TNFα biotinylated detecting antibody (H91, NIBSC) was then added to the wells and 

incubated overnight at 4°C. A streptavidin-HRP conjugate (Jackson) diluted at 1/30,000 and 

o-Phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich Ltd-Aldrich, UK) were then used 

to develop plates. Using 1M of sulphuric acid (Sigma-Aldrich Ltd-Aldrich, UK), the reaction 

was stopped and colorimetric measurements were recorded using a Spectramax plate 

reader (Molecular Device, USA) at an absorbance of 490nm. It is worth noting that the 

absorbance values recorded were also referred at as optical density (OD) values. A 

standard curve was then prepared, as shown in figure 2.18, using TNFα standards at 

concentrations ranging between 0 and 6000pg/ml. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. TNFα standard curve ranging from 0 to 6000pg/ml (n=2). 
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2.6 Statistics   

 

For free-swelling studies, data represent the mean and SEM values for 6-18 replicates from 

3-4 separate experiments. For the ex-vivo bioreactor experiments, data represent the mean 

and SEM values of 8-12 replicates from two separate experiments. Statistical analysis was 

performed by a two-way analysis of variance (ANOVA) and the multiple post hoc Bonferroni-

corrected t-tests to compare differences between the various treatment groups as indicated 

in each figure legend. In all cases, a level of 5% was considered statistically significant 

(p<0.05).    
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3.1 Introduction  

 

Although IL-1β is generally considered to be the principal cytokine known to drive catabolic 

events in chondrocytes during the OA disease process, TNFα also contributes to the pro-

inflammatory process (Kapoor et al., 2011, Kobayashi et al., 2005, Gilbert, Duance and 

Mason, 2002, Goodstone and Hardingham, 2002).  Several in vitro studies have 

demonstrated that treatment of chondrocytes with TNFα increases production of NO, PGE2 

and MMP enzymes in human, rabbit, canine or bovine chondrocytes cultured in monolayer, 

explant or 3D alginate models, resulting in proteoglycan depletion (Kobayashi et al., 2005, 

Gilbert, Duance and Mason, 2002, Goodstone and Hardingham, 2002, Blain, 2007, Kuroki, 

Stoker and Cook, 2005, Sabatini et al., 2001, Schuerwegh et al., 2003, Little et al., 1999, 

Sabatini et al., 2000, Lefebvre, Peeters-Joris and Vaes, 1990, Reginato et al., 1993, 

Campbell et al., 1990). Additionally, oxygen tension has implications on the pro-inflammatory 

response induced by cytokines (Martin et al., 2004, Mathy-Hartert et al., 2005, Cernanec et 

al., 2002, Lawyer, Tucci and Benghuzzi, 2012, Grimshaw and Mason, 2000). However, very 

little is known about the effects of TNFα on triggering the pro-inflammatory events at low 

oxygen tension in chondrocytes. The present study therefore examined whether oxygen 

tensions at 21% and 5% could influence the effects of TNFα on catabolic activity (NO, PGE2, 

MMP) and tissue remodelling (GAG synthesis and loss) in chondrocyte/agarose constructs.  
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3.2 Materials and methods   

 

3.2.1 Dose response effect of TNFα on the production of catabolic 

and anabolic mediators in chondrocyte/agarose constructs 

cultured at 21 and 5% oxygen tension 

 

Chondrocyte/agarose constructs were prepared using a well-established model as described 

in section 2.2. Constructs were equilibrated in culture under free-swelling conditions at 21 

and 5% oxygen tensions for 72 hours. The glove-box style workspace integrated within a 

Biospherix incubator ensured that the experimental conditions during set-up and 

experimentation were uninterrupted, as previously described (Parker et al., 2013). Following 

the equilibration period, constructs were cultured for a further 48 hours with DMEM + 20% 

FCS supplemented with TNFα (Peprotech EC Ltd, London, UK) at concentrations ranging 

from 0.1 to 100ng/ml in the presence or absence of 1mM L-N-(1-iminoethyl)-ornithine (L-

NIO). This range of TNFα concentration was selected, since a dose-dependent increase in 

the production of catabolic mediators, such as enhanced NO, PGE2 and MMPs, has been 

demonstrated in previous in vitro studies, leading to the inhibition of matrix synthesis and 

induction of cartilage degradation (Goodstone and Hardingham, 2002;  Kuroki, Stoker and 

Cook, 2005, Reginato et al., 1993). Additionally, these in vitro results are in concert with 

animal studies which reported a reduction in the biomechanical abnormalities and 

inflammatory symptoms upon selectively inhibiting iNOS in OA joints (Pelletier et al., 1996, 

1999, Kammermann et al., 1996). L-NIO inhibits all isoforms of the nitric oxide synthase 

enzymes (Merck Chemicals, Nottingham, UK). 

 

3.2.2 Temporal effect of exogenous TNFα on cell-free and 

chondrocyte seeded agarose constructs cultured at 21 and 

5% oxygen tension 

 

In a separate study, agarose constructs prepared with and without chondrocytes were 

equilibrated in culture under free-swelling conditions in the Biospherix incubator at both 21 

and 5% oxygen tensions for 72 hours. Constructs were then cultured for a further 48 hours 

with DMEM + 20% FCS supplemented with 0 or 10ng/ml of TNFα (Peprotech EC Ltd, 

London, UK). 
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3.3 Results   

 

Throughout this thesis, no change was observed in the number of chondrocytes achieved 

per construct. This was validated by achieving an average DNA concentration of 3.5µg/ml 

per construct, which remained constant throughout the thesis.  

 

3.3.1 Dose response effect of TNFα on catabolic and anabolic 

mediators in chondrocyte/agarose constructs cultured at 21 

and 5% oxygen tensions 

 
The dose-dependent effects of TNFα at 21 and 5% oxygen tension on nitrite production, 

PGE2 release, MMP activity, GAG synthesis and GAG loss were compared. Each mediator 

will be discussed separately.  

 

3.3.1.1 Nitrite release  

 

At both oxygen tensions, the levels of nitrite release were enhanced by the presence of 

TNFα, with a significant increase at 1, 10 and 100ng/ml, when compared to untreated 

controls (all p<0.001; Fig. 3.1A, B). Co-incubation with the NOS inhibitor significantly 

abolished cytokine-induced nitrite release with levels returning to basal values at both 21% 

and 5% oxygen. For each TNFα concentration, the mean percentage differences in nitrite 

release between oxygen tensions of 21% and 5% ranged between 11% and 75% with no 

systematic trend. The corresponding range in the presence of L-NIO was -23% and 72%.  

 

3.3.1.2 PGE2 release  

 

At 1, 10 and 100ng/ml, TNFα increased PGE2 release at both oxygen tension when 

compared to untreated controls (all p<0.001; Fig. 3.2A, B). Co-incubation with the NOS 

inhibitor partially reversed this effect in TNFα treated constructs cultured at both 21% and 

5% oxygen. On comparing the mean percentage differences in PGE2 release between 

cultures at 21 and 5% oxygen tensions, values ranging between 16% and 1833% were 

obtained for each concentration of TNFα, with no systematic trend. Co-incubation with the 

NOS inhibitor resulted in corresponding values which ranged between 19% and 1196%. 

 

3.3.1.3 MMP activity 

 

At TNFα concentrations greater than 1ng/ml, the cytokine increased MMP activity in a dose-

dependent manner at both oxygen tensions when compared to untreated controls (Fig.  
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3.3A, B). Co-incubation with the NOS inhibitor partially reversed this effect in TNFα treated 

constructs cultured at either 21% or 5% oxygen. Values ranging between -27% and 79% 

were obtained for each concentration of TNFα, upon comparing the percentage differences 

between constructs cultured at 21% and 5% oxygen tensions. In the presence of L-NIO, 

corresponding values ranging between -47% and 138% were obtained.  

3.3.1.4 GAG synthesis  

 

In the absence of the cytokine, GAG synthesis was greater at 21% oxygen when compared 

to 5% (p<0.001; Fig. 3.4A, B). The presence of TNFα did not significantly influence GAG 

synthesis at a low cytokine concentration (0.1ng/ml) when compared to untreated controls 

cultured at either 21% or 5% oxygen. However, at the elevated TNFα concentrations of 1-

100ng/ml, the cytokine induced a downregulation in GAG synthesis (p< 0.05). This response 

was not significantly influenced by the NOS inhibitor, except at the highest concentration of 

TNFα (Fig. 3.4A, B). At all TNFα concentration, the percentage differences in GAG synthesis 

between 21 and 5% oxygen tensions ranged between -22% and 3%, with no systematic 

trend. The corresponding range in the presence of the NOS inhibitor was -25% and 15%.  

 

3.3.1.5 GAG loss 

 

In the absence of the cytokine, GAG loss was inhibited with L-NIO at both 21% and 5% 

oxygen (p<0.01 and p<0.001 respectively; Fig. 3.5A, B). At the higher TNFα concentrations 

of 10-100ng/ml, the cytokine increased GAG loss (p< 0.05), and this response was reversed 

with the NOS inhibitor. On comparing the percentage differences in GAG loss between 

cultures at 21 and 5% oxygen tension, values ranging between -4% and 10% were obtained 

for each concentration of TNFα, with no systematic trend. Co-incubation with L-NIO resulted 

in corresponding values which ranged between -45% and 79%.  
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Figure 3.1. Effect of 21 and 5% oxygen tension  on nitrite release in chondrocytes treated with varying 

concentrations of TNFα. Chondrocyte/agarose constructs were cultured for 48 hours with varying 

concentrations of TNFα (0.1 to 100ng/ml) and/or L-NIO (1mM) and the effects of 21% (A) and 5% (B) 

oxygen tension were examined on nitrite release. Error bars represent the mean and SEM values for 

6-18 replicates from four separate experiments. (+++) indicates significant comparisons between 

untreated and cytokine treated constructs cultured at 21% and 5% oxygen tension; (***) indicates 

significant comparisons between TNFα and TNFα + L-NIO. 
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Figure 3.2. Effect of 21 and 5% oxygen tension on PGE2 release in chondrocytes treated with varying 

concentrations of TNFα. Chondrocyte/agarose constructs were cultured for 48 hours with varying 

concentrations of TNFα (0.1 to 100ng/ml) and/or L-NIO (1mM) and the effects of 21% (A) and 5% (B) 

oxygen tension were examined on PGE2 release. Error bars represent the mean and SEM values for 

6-18 replicates from four separate experiments. (+++) indicates significant comparisons between 

untreated and cytokine treated constructs cultured at 21% and 5% oxygen tension; (***) indicates 

significant comparisons between TNFα and TNFα + L-NIO.  
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Figure 3.3. Effect of 21 and 5% oxygen tension on MMP activity in chondrocytes treated with varying 

concentrations of TNFα. Chondrocyte/agarose constructs were cultured for 48 hours with varying 

concentrations of TNFα (0.1 to 100ng/ml) and/or L-NIO (1mM) and the effects of 21% (A) and 5% (B) 

oxygen tension were examined on MMP activity. Error bars represent the mean and SEM values for 

6-18 replicates from four separate experiments. (+++) indicates significant comparisons between 

untreated and cytokine treated constructs cultured at 21% and 5% oxygen tension; (* or **) indicates 

significant comparisons between TNFα and TNFα + L-NIO.  
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Figure 3.4. Dose-dependent effects of TNFα on matrix synthesis at 21 and 5% oxygen tension. 

Chondrocyte/agarose constructs were cultured with varying concentrations of TNFα (0.1 to 100ng/ml) 

and/or L-NIO (1mM) for 48 hours and the effects of 21% (A) and 5% (B) oxygen tension were 

examined on GAG synthesis. Error bars represent the mean and SEM values for 6-18 replicates from 

four separate experiments. (+ or +++) indicates significant comparisons between untreated and 

cytokine treated constructs cultured at both oxygen tensions; (***) indicates significant comparisons 

between TNFα and TNFα + L-NIO at both oxygen tensions. 
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3.3.1.6 Summary of catabolic and anabolic mediators 
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Figure 3.5. Dose-dependent effects of TNFα on matrix degradation at 21 and 5% oxygen tension. 

Chondrocyte/agarose constructs were cultured with varying concentrations of TNFα (0.1 to 100ng/ml) 

and/or L-NIO (1mM) for 48 hours and the effects of 21% (A) and 5% (B) oxygen tension were 

examined on GAG loss. Error bars represent the mean and SEM values for 6-18 replicates from four 

separate experiments. (+++) indicates significant comparisons between untreated and cytokine 

treated constructs cultured at both oxygen tensions; (***) indicates significant comparisons between 

TNFα and TNFα + L-NIO at both oxygen tensions.  
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3.3.1.6 Summary of catabolic and anabolic mediators 

 

In order to examine the significance of the differences between both oxygen tensions, an 

ANOVA with post-hoc Bonferroni-corrected t-tests were employed, as described in section 

2.6. The results for the combination of anabolic and catabolic mediators are summarised in 

Table 3.1.  

 

At TNFα concentrations of both 10ng/ml and 100ng/ml, the upregulation of the catabolic 

mediators, i.e nitrite, PGE2 release and MMP activity were statistically significantly greater 

(p<0.001) at 5% oxygen tension (Table 3.1). These differences were also statistically 

significant for lower concentrations of TNFα for PGE2 release alone. By contrast, at the 

highest TNFα concentration i.e 100ng/ml, the anabolic mediator, GAG synthesis, was 

significantly greater at 21% oxygen tension.  

 

Table 3.1: Statistical level of differences between cultures at 21% and 5% oxygen tensions, stimulated 

with different concentrations of TNFα with respect to five catabolic and anabolic mediators in the 

unstrained condition. 

 

TNFα  

(ng/ml) 

Nitrite  

release 

PGE2  

release 

MMP  

activity 

GAG 

synthesis 

GAG 

 loss 

0 NS NS NS NS NS 

0.1 NS (↑) *** NS NS NS 

1.0 NS (↑) *** NS NS NS 

10 (↑) *** (↑) *** (↑) *** NS NS 

100 (↑) *** (↑) *** (↑) *** (↓) ** (↑) ** 

 

Where:  

P < 0.05   * ; P < 0.01   ** ; P < 0.001 ***;  P > 0.001    NS; 

(↑) indicates 5% > 21% effects  

(↓) indicates 5% < 21% effects 
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3.3.2 Temporal effect of exogenous TNFα on TNFα release in 

cell-free and chondrocyte seeded agarose constructs 

cultured at 21 and 5% oxygen tensions 

 

On treating chondrocyte/agarose constructs with 10ng/ml of exogenous TNFα, a significant 

increase in TNFα release was observed in cell-free and chondrocyte seeded agarose 

constructs when compared to untreated controls at both 21% and 5% oxygen tensions 

(p>0.001; Fig. 3.6A, B and C). Following initial stimulation, the concentration of TNFα 

present in both cell-free and chondrocyte seeded agarose constructs cultured at 21% 

oxygen tension remained constant throughout the 48 hour culture period (Fig. 3.6A and B). 

A similar response was observed in TNFα-treated chondrocyte/agarose constructs cultured 

at 5% oxygen tension, in which a significant increase in TNFα was observed when 

compared to untreated controls. Furthermore, the concentration of TNFα in these constructs 

remained constant for a period of 24 hours, after which a significant increase in TNFα was 

revealed at 48 hours of culture (Fig. 3.6C).  
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Figure 3.6. Temporal effect of exogenous TNFα. Cell-free and chondrocyte seeded agarose 

constructs were treated with 10ng/ml of TNFα for 48 hours at 21% (A, B) and 5% (C) oxygen tension 

and the temporal effect of the cytokine was examined on TNFα release in the culture supernatant.  

Error bars represent the mean and SEM values for 4-11 replicates from three separate experiments. 

(*) p<0.05 indicates significant comparison between cytokine treated constructs cultured at 0 hours 

and those cultured for 48 hours at 5% oxygen tension.   
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3.4 Summary of results  

 

 TNFα dose-dependently increased nitrite, PGE2 and total MMP activity, changes 

which were associated with an inhibition in both the synthesis and loss of GAG, 

particularly at the highest cytokine concentration. 

 

 At a reduced oxygen tension of 5%, the effects induced by TNFα were enhanced, 

with a greater induction in the levels of nitrite, PGE2 and total MMP activity, which 

also correlated with an inhibition in the synthesis and loss of GAG.  
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3.5 Discussion 
 

TNFα is well known to stimulate the production of catabolic mediators, such as NO and 

PGE2 which inhibit matrix synthesis and induce cartilage degradation (Goodstone and 

Hardingham, 2002, Kuroki, Stoker and Cook, 2005, Sabatini et al., 2001, Schuerwegh et al., 

2003, Little et al., 1999, Sabatini et al., 2000, Lefebvre, Peeters-Joris and Vaes, 1990, 

Reginato et al., 1993, Campbell et al., 1990). The present in vitro studies correlate with 

previous animal studies which showed that selective inhibition of iNOS, reduced the 

symptoms of inflammation and biomechanical abnormalities in osteoarthritic joints (Pelletier 

et al., 1996, Pelletier et al., 1999, Kammermann et al., 1996). However, the overproduction 

of cytokines in response to different levels of oxygen tension is less clear. Indeed, the levels 

of oxygen tension in the diseased joint will have a significant impact on metabolic processes, 

with the potential to trigger pathways induced by TNFα. The interactions between cytokines, 

oxygen tension and mechanical loading are therefore complex and thus remain the 

motivation of the present study. 

 

In ex-vivo studies, we observed dose-dependent increases in nitrite, PGE2 and MMPs, that 

was paralleled with an inhibition of matrix synthesis and loss at the highest cytokine 

concentration. Reduced oxygen tension at 5% was observed to enhance the inflammatory 

response with increased levels of nitrite, PGE2 and MMP activity that also favours the 

inhibition of matrix synthesis and loss. In a previous study, bovine chondrocytes stimulated 

with IL-1β in suspension culture exhibited a similar response, with greater levels of NO and 

PGE2 production at 5% when compared to 21% oxygen tension (Mathy-Hartert et al., 2005). 

The enhanced production of inflammatory mediators under hypoxic conditions can contribute 

to the production of reactive oxygen species (ROS) that amplifies the catabolic response 

(Henrotin, Kurz and Aigner, 2005). Furthermore, the p55 TNFα receptor is highly expressed 

in human chondrocytes from OA cartilage and is particularly susceptible to degradative 

stimuli (Westacott et al., 1994). Activation of p55 by TNFα was shown to increase synthesis 

of NO, PGE2, MMPs and cytokines such as IL-6, IL-8 that degrade collagen type II, IX and 

XI and inhibit matrix synthesis in a concentration-dependent manner (Lefebvre, Peeters-

Joris and Vaes, 1990, Reginato et al., 1993, Campbell et al., 1990, Alaaeddine et al., 1999, 

Fermor et al., 2005). However, studies on the effect of low oxygen tension on the 

inflammatory response in chondrocytes have resulted in conflicting outcomes. On the one 

hand, porcine explants treated with IL-1α or TNFα increased levels of NO and PGE2 under 

normoxic conditions (21%) when compared to severe hypoxic conditions, namely 1% 

oxygen tension (Cernanec et al., 2002). In contrast, cytokine-treated chondrocytes induced a 

reduction in oxidative stress resulting in reduced MMP-9 levels at moderate hypoxia (6%) 

when compared to normoxia (21%) and stabilisation of hypoxia-inducible factor-1α (HIF-1α) 

expression (Lawyer, Tucci and Benghuzzi, 2012). Indeed, the regulation of HIF-1α by 

oxygen tension may present a potential target for OA therapy, since HIF-1α over-expression 
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in OA chondrocytes is known to have detrimental effects in cartilage pathophysiology. 

Furthermore, factors involved in the NFκβ and MAPK pathways were shown to mediate 

production of NO induced by the cytokine at 5% oxygen tension, presenting supplementary 

oxygen-sensitive mediators as potential therapeutic targets for treating OA (Mathy-Hartert et 

al., 2005, Cernanec et al., 2002, Lawyer, Tucci and Benghuzzi, 2012, Grimshaw and Mason, 

2000). Collectively, these studies emphasise the oxygen-dependency of the inflammatory 

response in chondrocytes and suggest that further studies should examine the interplay of 

the cytokine-induced pathways with oxygen tension.  

 

Furthermore, since TNFα has been previously reported to have a very short half-life (Aderka 

et al., 1992, Zahn and Greischel, 1989), the culture period of treating chondrocyte/agarose 

constructs with TNFα was validated by culturing both cell-free agarose constructs and 

chondrocyte seeded agarose constructs with or without 10ng/ml of TNFα at 21 and 5% 

oxygen tensions, at intervals of 0.5, 1, 2, 4, 8, 16, 24 and 48 hours, under free swelling 

conditions. Following initial stimulation, the constant levels of TNFα observed throughout the 

48 hour culture period, in both cell-free and cell-seeded constructs cultured at 21% oxygen 

tension, suggest that the cytokine was not degraded over the entire culture period and that 

the catabolic activities induced in chondrocyte-seeded constructs were a direct result of the 

presence of the cytokine. However, at 48 hours of culture, a significant increase in TNFα 

was observed in chondrocyte/agarose constructs cultured at 5% oxygen tension, due to the 

implications of low oxygen tension on the inflammatory conditions induced by the cytokine 

(Martin et al., 2004, Mathy-Hartert et al., 2005, Cernanec et al., 2002, Lawyer, Tucci and 

Benghuzzi, 2012, Grimshaw and Mason, 2000).      
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Chapter 4 – Dynamic compression 

and oxygen tension modulates the 

effects of TNFα on protein synthesis 

in chondrocytes.
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4.1 Introduction   

 

Inflammatory mechanisms are known to be influenced by biomechanical signals which affect 

synthetic activity, and contribute to changes in tissue remodelling (Bader, Salter, 

Chowdhury, 2011, Felson, 2013, Blain, 2007). In addition, the oxygen tension in cartilage is 

altered during OA disease progression and will additionally influence the inflammatory 

process (Fermor et al., 2007, Henrotin, Kurz, Aigner, 2005, Stevens et al., 1991). However, 

little is known on how biomechanical signals regulate the inflammatory signalling events 

induced by the combined effects of oxygen tension and TNFα. 

 

Oxygen tension was recently reported to influence the production of inflammatory mediators 

in response to biomechanical signals. For example in the chondrocyte/agarose model, a 

reduced oxygen tension of 5% enhanced the production of NO and PGE2 in constructs 

cultured with IL-1β when compared to 21% oxygen tension and this response was abolished 

by dynamic compression (Parker et al., 2013). As such, the present study uses the well 

characterised chondrocyte/agarose model, described in Chapter 2 to test the hypothesis that 

stimulation with dynamic compression will interfere with the response of TNFα to oxygen 

tension.  
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4.2 Materials and methods  

 

Effect of dynamic compression on TNFα stimulated 

chondrocyte/agarose constructs cultured at 21 and 5% oxygen 

tension. 

 

A novel ex-vivo bioreactor (Bose ElectroForce, Gillingham, UK) was used to apply dynamic 

compression to constructs cultured at 21% or 5% oxygen tension, as previously described in 

Chapter 2 (Parker et al., 2013). Constructs were transferred into individual wells of a 24-well 

culture plate (Costar, High Wycombe, UK) and mounted within the bioreactor system that is 

integrated within the Biospherix incubator. The medium was supplemented with either 0 or 

10ng/ml TNFα in the presence and absence of 1mM L-NIO and the experimental conditions 

during set-up and culture were uninterrupted. A concentration of 10ng/ml of TNFα was 

employed in this study, since this concentration of the cytokine was observed to induce the 

maximum catabolic effects in the chondrocyte/agarose model, when compared to 0.1, 1 and 

100ng/ml of TNFα, as shown in Chapter 3. Constructs were then subjected to intermittent 

compression under unconfined conditions, with a profile of 10 min compression followed by 

a 5 hour 50 min unstrained period for a culture period of 48 hours, as previously described 

(Parker et al., 2013). The ex-vivo conditions were found to be optimal when measuring 

protein synthesis at this time point (Parker et al., 2013). The compression regime was 

applied in a dynamic manner with a strain amplitude of 0-15%, using a sinusoidal waveform 

at a frequency of 1Hz and resulted in 4800 duty cycles for the 48 hour culture period. Control 

constructs were maintained in an unstrained state in the bioreactor system and cultured for 

the same time period. At the end of the experiment, the constructs and corresponding media 

were stored at −20°C prior to analysis.  
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4.3 Results   

 

4.3.1 Effect of dynamic compression on catabolic and anabolic 

mediators in TNFα stimulated chondrocyte/agarose constructs 

cultured at 21 and 5% oxygen tension. 

 

The effect of dynamic compression on nitrite production, PGE2 release, MMP activity, TNFα release, 

GAG synthesis and GAG loss in TNFα-stimulated chondrocyte/agarose constructs cultured at 21 and 

5% oxygen tension were compared. Each mediator will be discussed separately.  

 

4.3.1.1 Nitrite release  

 

Figure 4.1 reveals that in the absence of the cytokine, dynamic compression did not significantly 

influence nitrite release at either 21% or 5% oxygen tension. In untrained constructs, TNFα enhanced 

nitrite production when compared to untreated controls (p<0.001), with a mean percentage difference 

of 46% obtained in nitrite release between oxygen tensions of 21% and 5%. Upon stimulation with 

dynamic compression, the response was reduced at both oxygen tensions (both p<0.001; Fig. 4.1A, 

B), resulting in a mean percentage difference of 20% between cultures at 21% and 5% oxygen 

tension. The inhibitory effect was then abolished upon co-stimulation with the NOS inhibitor at both 

oxygen tensions, such that a mean percentage difference of 113% was achieved between oxygen 

tensions of 21% and 5%.  

 

4.3.1.2 PGE2 release 

 

In the absence of the cytokine, dynamic compression did not significantly influence PGE2 release at 

either oxygen tension (Fig. 4.2A, B).  In unstrained constructs, TNFα increased PGE2 release when 

compared to untreated controls (p<0.001), with a mean percentage difference of 91% in PGE2 release 

achieved between cultures at 21% and 5% oxygen tensions. Stimulation with dynamic compression 

reduced cytokine-induced PGE2 release (all p<0.001) such that a mean percentage difference of 34% 

was achieved in PGE2 release between cultures at 21% and 5% oxygen tension. Co-stimulation with 

both compression and L-NIO induced a further reduction in PGE2 release (all p<0.001), such that a 

mean percentage difference of -6% was obtained between cultures at 21% and 5% oxygen tension. 

 

4.3.1.3 MMP activity 

 

In the absence of the cytokine, dynamic compression did not significantly influence MMP activity at 

either oxygen tension (Fig. 4.3A, B). In unstrained constructs, the cytokine increased MMP activity 

when compared to untreated controls (p<0.001), with values marginally greater at 5% than 21% 
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oxygen (p<0.001), such that a mean percentage difference of 23% in MMP activity was obtained 

between cultures at 21% and 5% oxygen tensions. Stimulation with dynamic compression or the NOS 

inhibitor reduced cytokine-induced MMP activity (all p<0.001), such mean percentage differences of -

15% and 27% were achieved respectively between cultures at 21% and 5% oxygen tension. In the 

presence of TNFα, co-stimulation with compression and L-NIO reduced MMP activity (all p<0.001) 

with a mean percentage difference of 14% in MMP activity obtained between oxygen tensions of 21% 

and 5%. 

4.3.1.4 TNFα synthesis 

 

The effect of TNFα, compression and oxygen tension on the release of endogenous TNFα into the 

culture supernatant was then examined (Fig. 4.4A, B). In unstrained constructs cultured at 21% 

oxygen tension, the cytokine significantly increased TNFα production when compared to untreated 

constructs (p<0.001). This effect was further enhanced on culturing chondrocyte/agarose constructs 

at 5% oxygen tension when compared to 21% oxygen, such that a mean percentage difference of 

29% was obtained in TNFα release between cultures at 21% and 5% oxygen tension. In contrast, on 

subjecting constructs to dynamic compression, cytokine-induced TNFα production was reduced, such 

that a percentage difference of 42% was achieved between cultures at 21% and 5% oxygen tension. 

Co-stimulation with compression and L-NIO, in the presence of the cytokine reduced cytokine 

production in an oxygen-independent manner. 

 

4.3.1.5 GAG synthesis 

 

GAG synthesis was enhanced by dynamic compression when compared to unstrained controls (all 

p<0.001; Fig. 4.5) with a greater magnitude in stimulation for constructs cultured at 21% oxygen than 

5%. At both oxygen tensions, TNFα reduced GAG synthesis (all p<0.01; Fig. 4.5A, B), such that a 

mean percentage difference in GAG synthesis between cultures at 21% and 5% oxygen tension was -

3%. Dynamic compression increased GAG synthesis in cytokine treated constructs (both p<0.001), 

with a mean percentage difference of -25% achieved between oxygen tensions of 21% and 5%. Co-

stimulation with dynamic compression and L-NIO increased GAG synthesis (p<0.001, Fig. 4.5A, B) 

with the magnitude of stimulation by dynamic compression greater at 5% oxygen than 21%, such that 

a mean percentage difference of -6% was achieved in GAG synthesis between cultures at 21% and 

5% oxygen tension. 

 

4.3.1.6 GAG loss 

  

GAG loss was not influenced by compression at either oxygen tension (Fig. 4.6).  
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Figure 4.1. Effect of dynamic compression (15%, 1Hz) on nitrite release in chondrocyte/agarose constructs 

treated with TNFα (0 or 10ng/ml) and/or L-NIO (1mM) at 21% (A) and 5% (B) oxygen tension for 48 hours. Error 

bars represent the mean and SEM values for 8-12 replicates from four separate experiments. (** or ***) indicates 

significant comparisons between the different treatment conditions. All other comparisons were not significant 

(not indicated).  
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Figure 4.2. Effect of dynamic compression (15%, 1Hz) on PGE2 release in chondrocyte/agarose constructs 

treated with TNFα (0 or 10ng/ml) and/or L-NIO (1mM) at 21% (A) and 5% (B) oxygen tension for 48 hours. Error 

bars represent the mean and SEM values for 8-12 replicates from four separate experiments. (***) indicates 

significant comparisons between the different treatment conditions. All other comparisons were not significant 

(not indicated).  
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Figure 4.3. Effect of dynamic compression (15%, 1Hz) on MMP activity in chondrocyte/agarose constructs 

treated with TNFα (0 or 10ng/ml) and/or L-NIO (1mM) at 21% (A) and 5% (B) oxygen tension for 48 hours. Error 

bars represent the mean and SEM values for 8-12 replicates from four separate experiments. (***) indicates 

significant comparisons between the different treatment conditions. All other comparisons were not significant 

(not indicated).  
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Figure 4.4. Effect of dynamic compression (15%, 1Hz) on TNFα release in chondrocyte/agarose constructs 

treated with TNFα (0 or 10ng/ml) and/or L-NIO (1mM) at 21% (A) and 5% (B) oxygen tension for 48 hours. Error 

bars represent the mean and SEM values for 6-8 replicates from two separate experiments. (*or ***) indicates 

significant comparisons between the different treatment conditions. All other comparisons were not significant 

(not indicated).  
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Figure 4.5. Effect of dynamic compression (15%, 1Hz) on GAG synthesis in chondrocyte/agarose constructs 

treated with TNFα (0 or 10ng/ml) and/or L-NIO (1mM) at 21% (A) and 5% (B) oxygen tension for 48 hours. Error 

bars represent the mean and SEM values for 8 replicates from two separate experiments. (***) indicates 

significant comparisons between the different treatment conditions. All other comparisons were not significant 

(not indicated).    
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Figure 4.6. Effect of dynamic compression (15%, 1Hz) on GAG loss in chondrocyte/agarose constructs treated 

with TNFα (0 or 10ng/ml) and/or L-NIO (1mM) at 21% (A) and 5% (B) oxygen tension for 48 hours. Error bars 

represent the mean and SEM values for 8 replicates from two separate experiments. (***) indicates significant 

comparisons between the different treatment conditions. All other comparisons were not significant (not 

indicated).       
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Table 4.1. The effects of oxygen tension and dynamic compression on catabolic/remodelling activities in chondrocyte/agarose constructs treated with TNFα. 

 Nitrite      

release 

PGE2  

 release 

MMP  

activity  

GAG  

synthesis 

TNFα   

release 

GAG  

loss 

 21% 5% 21% 5% 

 

21% 5% 

 

21% 5% 

 

21% 5% 21% 5% 

Untreated 

 

-20.6 

( 4.4) 

-19.9 

( 8.3) 

 

-20.8 

( 4.7) 

 

-17.0 

( 7.6) 

 

-16.1 

( 4.9) 

 

-34.4 

( 7.3) 

 

47.9 

( 3.1) 

 

32.9 

( 5.5) 

 

-32.5  

( 4.9) 

-67.1  

( 3.3) 

-12.07 

(± 5.1) 

8.89  

(± 4.0) 

TNF 

 

-39.9 

( 2.1) 

 

-50.7 

( 2.1) 

 

-43.8 

( 3.3) 

 

-60.3 

( 4.8) 

 

-43.8 

( 6.6) 

 

-67.1 

( 5.1) 

 

106.7 

( 24.2) 

 

82.3 

( 7.2) 

 

-35.1  

( 7.5) 

-28.6  

( 2.5) 

10.30  

(± 5.4) 

-5.12  

(± 7.3) 

TNF + 

L-NIO 

-45.3 

( 8.9) 

 

-47.6 

( 14.6) 

 

-66.2 

( 2.6) 

 

-79.9 

( 2.5) 

 

-66.2 

( 7.3) 

 

-38.1 

( 5.9) 

 

64.4 

( 2.9) 

 

90.9 

( 5.9) 

 

-21.7  

( 3.4) 

-11.4  

( 1.3) 

-22.31 

(± 3.5) 

0.89  

(± 14.6) 

 

Note. Chondrocyte/agarose constructs were subjected to dynamic compression in the presence and absence of TNF and/or L-NIO at 21 and 5% oxygen 

tension for 48 hours. Values were expressed as a percentage change from unstrained control samples (%) where numbers in brackets represent  SEM 

values for n=8-12 from four separate experiments.    
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4.3.1.7 Summary of catabolic and anabolic mediators  

 

In order to examine the significance of the differences between both oxygen tensions, an ANOVA with 

post-hoc Bonferroni corrected t-tests were employed, as described in section 2.6. The results for the 

combination of anabolic and catabolic mediators are summarised in Table 4.2. 

 

It is most convenient to describe these results separately in terms of loading state. In the unstrained 

condition, there was a statistically significant increase in both nitrite and PGE2 release at 5% oxygen 

tension for all three test conditions, which included untreated, TNFα and TNFα+L-NIO treated 

constructs. By contrast, the GAG synthesis was significantly decreased at 5% oxygen tension 

(p<0.05) for the untreated and TNFα+L-NIO conditions (Table 4.2).  

 

In the strained condition, the only differences which were statistically significant corresponded to 

nitrite release and TNFα synthesis, which was generally higher at 5% oxygen tension, and GAG 

synthesis which was generally higher at 21% oxygen tension.  

 

Table 4.2: Statistical level of differences between cultures at 21% and 5% oxygen tensions stimulated 

with 10ng/ml of TNFα, with respect to six catabolic and anabolic mediators in both strained and 

unstrained conditions. 

 

 Nitrite 

release 

PGE2 

release 

MMP 

activity 

GAG 

synthesis 

GAG 

loss 

TNFα 

synthesis 

Unstrained Untreated (↑) * (↑) * NS (↓) * (↑) * NS 

TNFα (↑) *** (↑) *** (↑) ** NS (↑) * NS 

TNFα + L-NIO  (↑) *** (↑) * (↑) ** (↓) * NS (↑) ** 

Strained Untreated (↑) * NS NS (↓) *** NS NS 

TNFα (↑) *** NS NS (↓) ** (↑) * NS 

TNFα + L-NIO  NS NS NS NS NS (↑) ** 

 

Where:  

P < 0.05   * ; P < 0.01   ** ; P < 0.001 *** ; P > 0.001  NS  

(↑) represents 5% > 21% effects 

(↓) represents 5% < 21% effects  
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4.4 Summary of results  

 

 Dynamic compression reduced the production of nitrite, PGE2 and MMP activity in 

response to TNFα and this response was abolished when dynamic compression 

was coupled with the NOS inhibitor.  

 

 Differences in the loading-induced response were observed, such that the 

magnitude of inhibition was greater at 5% oxygen tension when compared to 21%. 

 

 The stimulation of GAG synthesis by dynamic compression was greater at 21% 

oxygen tension when compared to 5%, although this difference was not apparent 

with TNFα in the presence of L-NIO. 
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4.5 Discussion   

 

In ex-vivo bioreactor studies, dynamic compression reduced the production of inflammatory 

mediators in response to TNFα, and this response was abolished when dynamic 

compression was coupled with the NOS inhibitor. We observed differences in the loading-

induced response such that the magnitude of inhibition was greater at 5% oxygen tension 

than 21%. In addition, the beneficial response was paralleled with anabolic activities as 

typified by increased matrix synthesis that was greater at 21% oxygen tension than 5%. The 

literature is sparse with respect to the combined effect of TNFα and dynamic compression at 

low oxygen tensions in chondrocytes. However, the effect of oxygen tension and mechanical 

stress in the absence of cytokines is well characterized (Fermor et al., 2007, Fermor et al., 

2005, Wernike et al., 2008). Matrix synthesis was increased and chondrogenic gene 

expression was stabilised by long-term mechanical loading at 5% oxygen tension when 

compared to 21% in a chondrocyte/polyurethane model (Wernike et al., 2008). Conversely in 

porcine cartilage explants, mechanical loading enhanced NO production at 5 and 20% 

oxygen tension and the response was reduced at 1% oxygen tension (Fermor et al., 2007, 

Fermor et al., 2005).  

 

A similar effect was observed in the alginate model which reported a greater production of 

GAG synthesis at 5% oxygen tension compared to 20% (Wernike, Alini and Grad, 2008). 

The differences observed in the present study are due to the type of model system used, for 

example, cell type, 2D versus 3D model, primary versus passage cells, free-swelling culture 

versus mechanical loading, uninterrupted oxygen tension using the Biospherix system 

versus oxygen controlled incubators (Meyer et al., 2010, Markway et al., 2016).  

 

However, the manner in which cytokine-induced inflammatory pathways are influenced by 

oxygen tension and biomechanical signals are unclear. Further studies are needed to 

unravel the distinct pathways induced by oxygen tension, biomechanical signals and TNFα, 

which will help in identifying key targets and potential therapies for OA.   

 

In summary, the present study demonstrates that exogenous TNFα combined with low 

oxygen tension enhanced the production of inflammatory mediators, which are reduced with 

biomechanical signals or the presence of the NOS inhibitor in an oxygen-dependent manner. 

The inflammatory environment attempts to assist with tissue remodelling but the response 

was influenced by biomechanical signals leading to restoration of matrix synthesis. Although 

selective inhibition of NOS and stimulation with biomechanical signals leads to 

chondroprotection, further studies are needed to unravel the distinct pathways induced by 

oxygen tension, biomechanical signals and TNFα. This will help to identify key targets and 

potential therapies for OA treatments.  
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5.1 Introduction  

 

From chapter 4, it was observed that biomechanical signals regulated the inflammatory 

signalling events induced by the combined effects of oxygen tension and TNFα. In order to 

further elucidate the manner in which oxygen tension influences the intracellular pathways 

activated by TNFα in dynamically stimulated chondrocytes, the present study employed the 

well characterised chondrocyte/agarose model, described in Chapter 2, to examine the 

combined effects of oxygen tension and TNFα on gene expression. This approach permits 

analysis at the molecular level to be performed such that alterations in mRNA expression 

levels of target genes in agarose construct can be detected (Chowdhury et al., 2008, Akanji 

et al., 2009, Raveenthiran and Chowdhury, 2009). The employment of such methods will 

ultimately prove to be useful in the identification of key targets in the development of 

therapeutic agents for osteoarthritis treatment.   
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5.2 Materials and methods  

 

5.2.1 Effect of dynamic compression on the gene expression of 

TNFα stimulated chondrocyte/agarose constructs cultured 

at 21 and 5% oxygen tension. 

 

For the application of dynamic compression to constructs cultured at 21% and 5% oxygen 

tensions, the novel ex-vivo bioreactor system (Bose ElectroForce, Gillingham, UK) described 

in Chapter 2 was used in a similar manner (Parker et al., 2013). Briefly, constructs were 

transferred into individual wells of a 24-well culture plate (Costar, High Wycombe, UK) and 

mounted within the bioreactor system that is integrated within the Biospherix incubator. The 

medium was supplemented with either 0 or 10ng/ml TNFα in the presence and absence of 

1mM L-NIO and the experimental conditions during set-up and culture were uninterrupted. 

Constructs were then subjected to intermittent compression under unconfined conditions, 

with a profile of 10 min compression followed by a 5 hour 50 min unstrained period for a 

culture period of 6 hours, as previously described (Parker et al., 2013). In a previous study in 

the host laboratory these ex-vivo conditions were found to be optimal when measuring gene 

expression (Parker et al., 2013). The compression regime was applied in a dynamic manner 

with a strain amplitude of 0-15%, using a sinusoidal waveform at a frequency of 1Hz and 

resulted in 600 duty cycles over the 6 hour culture period. Control constructs were 

maintained in an unstrained state in the bioreactor system and cultured for the same time 

period.  At the end of the experiment, the constructs and corresponding media were stored 

at −80°C prior to analysis.   

 

5.2.2 Gene expression levels 

 

In this study, real-time quantitative PCR (qPCR) was used to quantify basal levels of gene 

expression in response to the different treatment conditions stated in section 5.2.1.    

 

5.2.2.1 RNA isolation   

 

Prior to extracting RNA from each chondrocyte/agarose construct, the bench surface was 

thoroughly sprayed with RNaseZAP in order to remove RNAse from the working area, which 

would be capable of degrading any RNA present in the samples. Each chondrocyte/agarose 

construct was then defrosted from -80⁰C by incubating it with 750μl of buffer QG in a 1ml 

microcentrifuge tube at 42⁰C for 10mins, using a heat block. During this step, the agarose 

construct was also digested, while compromising the cell membrane of chondrocytes 

present in the sample due to the action of the QG buffer. The tubes were then removed from 
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the heat block and placed on a dry rack on the bench, after which 125μl of isopropanol was 

added to each sample and mixed in order to increase the RNA yield.  800μl of the resulting 

solution was then added onto an RNeasy® spin column and centrifuged using a 

conventional table-top microfuge at 8000g for 15 seconds at room temperature. The flow-

through was then discarded and the remaining mixture was loaded onto the column and 

centrifuged as above. 500μl of QG buffer was then loaded onto the same RNeasy® spin 

column in order to remove any remaining agarose and centrifuged again at 8000g for 15 

seconds at room temperature. The flow-through was then discarded, followed by the 

addition of 700μl of buffer RW1 to the RNeasy® spin column in order to remove any 

proteins, which may have be present in the sample. Centrifugation was then carried out at 

the same conditions outlined previously. Buffer RPE was then diluted by the addition of 44ml 

of 100% ultra-pure ethanol to the RPE container provided in the QIAquick Spin gel extraction 

and RNeasy® kit. 500μl of this solution was then added to the RNeasy® spin column, after 

the flow-through from the previous centrifugation step was discarded. Centrifugation was 

then repeated at the same conditions described previously, followed by the elimination of the 

resulting flow-through. The empty RNeasy® spin column was then centrifuged again at 

8000g for 1 minute at room temperature to ensure the removal of any excess solution 

present in the column. Using a fresh 2ml collection tube, 40µl of RNAse-free water was 

added to the RNeasy® spin column and centrifuged at 8000g for 1 minute, after which the 

flow-through was discarded. The eluted RNA sample was then immediately transferred onto 

ice to avoid degradation.   

 

DNAse treatment was then carried out by adding 1µl of DNase I enzyme and 10x DNase 

buffer to the RNAse sample and incubating it for 20 minutes at 37⁰C. Another incubation 

period then followed for 2 minutes at room temperature, after adding 4µl of DNase 

inactivating reagent the tube. This resulted in the production of slurry by the DNase 

inactivating agent, which was pelleted by carrying out centrifugation at 14000g for 1 minute 

at 4⁰C. The RNA containing solution was then transferred into a new microfuge tube and 

kept on ice or stored at -70⁰C prior to RNA quantification.   

 

The NanoDrop ND-1000 spectrophotometer (LabTech, East Sussex, UK) was used to 

quantify the amount of RNA present in each sample as follows. Initially, the sample pedestal 

of the spectrophotometer was cleaned and loaded with 1µl of RNAse-free water, in order to 

blank the NanoDrop system. This was then followed by replacing the water on the pedestal 

with 1µl of RNA sample, after which RNA absorbance was measured. In each microlitre of 

sample, the NanoDrop system was capable of automatically measuring RNA concentrations 

at 260/280nm, to yield values ranging between 2 to 3000ng/µl (Qiagen, West Sussex, UK) 

(Parker et al., 2013, Lee et al., 2011).    
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At this stage, RNA samples could be stored at -80°C. However, it was advisable to carry out 

the reverse transcription process for the conversion of RNA to cDNA before storage, since 

samples are more stable in this form. Indeed cDNA samples can then be stored at 4°C for 

up to 1 week.  

 

5.2.2.2 Reverse transcription and cDNA synthesis 

 

In order to perform reverse transcription for the conversion of RNA samples into cDNA, the 

Enhanced Avian RT First Strand cDNA synthesis kit (Sigma Genosys, Cambridge, UK) was 

employed which consisted of the following components: oligo (dT)23 primer, deoxynucluotide 

mix (dNTP), reverse transcriptase (RT), 10X buffer and RNA inhibitor (RNAi). Initially, the 

volume of RNA sample required to prepare a reaction mixture of 10µl was calculated using 

equation 6.1 for the conversion of 200ng of RNA sample into cDNA.  

 

𝑅𝑁𝐴 𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝑙)  =  
200𝑛𝑔 𝑜𝑓 𝑅𝑁𝐴

𝑅𝑁𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑁𝑎𝑛𝑜𝐷𝑟𝑜𝑝 (𝑛𝑔/µ𝑙)
             

 

Each RNA sample was then prepared for reverse transcription in microfuge tubes placed on 

ice, according to manufacturer’s instructions, using the reagents listed in reaction 1, in an 

ordered manner.  

Reaction 1:  

   RNAse-free water  variable (µl)  

Oligo (dT)23 primer  0.5µl  

   RNA volume per sample  variable (µl) 

Total volume   5µl 

Each microfuge tube was then centrifuged using a manual table-top microcentrifuge for 5 

seconds, before being transferred onto a thermal cycler, where they were allowed to 

incubate for 10 minutes at 70⁰C to permit denaturation of the RNA secondary structure for 

more efficient reverse transcription.  

 

In a separate 1.5ml microfuge tube placed on ice, a master mix solution was then prepared 

using the reagents listed in reaction 2 in an ordered fashion, according to manufacturer’s 

instructions. 

Reaction 2:   

   RNAse-free water  2.5µl  

   10x buffer   1µl 

   dNTP    0.5µl 

   RNAi    0.5µl 

   RT    0.5µl 

Total volume   5µl  

Equation 5.1 
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Note: The volumes of reagents listed in reaction 2 are for the preparation of master mix for 

one RNA sample. These volumes would be multiplied by the number of RNA samples 

required for reverse transcription to cDNA.  

 

The master mix solution was then thoroughly spun using a manual table-top centrifuge for 5 

seconds. Once incubation of the RNA samples was completed on the thermo cycler for 10 

minutes, a volume of 5µl of the prepared master mix solution was then added to each RNA 

sample such that a final volume of 10µl of reaction mixture was generated per sample. Each 

sample was then spun again for 5 seconds using a manual table-top centrifuge, after which 

they were allowed to incubate for 1 hour at 42⁰C in a thermo cycler. The first-strand cDNA 

synthesis reactions were then snap-cooled on ice for 5 minutes, prior to performing qRT-

PCR. Alternatively, for long-term storage, reactions can be stored for up to 6 months. 

 

5.2.2.3 Real-time quantitative PCR 

 

Real-time quantitative PCR was used to measure alterations in gene expressions in first-

strand cDNA synthesis reactions using syber-green PCR. Syber-green is a fluorescent dye 

which specifically binds to double stranded DNA (dsDNA) and has an excitation/emission 

spectra of 494/521nm. By measuring the increase in fluorescence at a wavelength of 

521nm, it is capable of quantifying the PCR product accumulated during the annealing and 

extension phases of the PCR reaction during qRT-PCR. The cycle number at which this 

increase in fluorescence is exponential is recorded and termed the Ct value (threshold cycle) 

and defined as the number of cycles required for the fluorescence signal to exceed the 

background fluorescence and an arbitrary threshold line. Although syber-green PCR is cost 

effective compared to other probe-based techniques, it is associated with one limitation, 

which is the ability of the fluorescent dye to bind to any dsDNA, regardless of its specificity. 

As such, primers designed such that their sequences are specific to the region of DNA 

required to be copied, are employed.  

 

In order to perform qRT-PCR on 200ng of RNA (Sigma Genosys, Cambridge, UK), SYBR® 

Green JumpStart™ Taq ReadyMix™ (with MgCl2 in buffer; Sigma Genosys, Cambridge, UK, 

D4438) was employed. Each PCR reaction consisted of the components listed in reaction 3, 

to achieve a final reaction volume of 10µl. 

Reaction 3: qRT-PCR reaction:  

 

   Template cDNA   2.5µl 

   Primer (0.5µM)   2.5µl 

   2X SYBR green 1 Master Mix  

Jumpstart (Sigma D4438) 5µl 

   Total volume    10µl 
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Additionally, in order to distinguish between background contamination and actual gene 

expression, nuclease-free PCR-grade water (Sigma Genosys, Cambridge, UK) was used in 

place of template cDNA, as a standard negative control, termed ‘no template control’ (NTC). 

The following specific primer sequences were used:  

 ADAMTS-5 (NM_001166515) Forward: 5’-GCCCTGCCCAGCTAACGGTA-3’, 

Reverse: 5’-CCCCCGGACACACACGGAA-3’  

 MMP-13 (NM_174389.2) Forward: 5’-CCCTTGATGCCATAACCAGT-3’, Reverse 5’-

GCCCAAAATTTTCTGCCTCT-3’ and  

 18S (NR_036642.1) Forward: 5’-GCAATTATTCCCCATGAACG-3’, Reverse: 5’-

GGCCTCACTAAACCATCCAA-3’.  

All reactions were carried out at an annealing temperature of 60°C, except MMP-13, which 

was carried out at a temperature of 58⁰C. PCR efficiencies for optimal primer pair 

concentrations were derived from standard curves as described in the PCR optimization 

section (section 5.4). Each sample was run in duplicates on the 96-well thermal system of 

the Mx3000P quantitative PCR instrument (Stratagene, Amsterdam, The Netherlands). A 

three-step thermal cycling programme was incorporated which comprised of the following 

thermocycling conditions: 

 

Segment 1 (1 cycle): Activation: 3 minutes at 95⁰C, 

 

Segment 2 (40 cycles):  Denaturation: 30 seconds at 95⁰C,  

        Annealing: 1 minute at 55 or 60⁰C and  

        Extension: 1 minute 72⁰C  

 

Segment 3 (1 cycle):  Melt curve: 1 minute at 95⁰C,  

30 seconds at 55⁰C and  

30 seconds at 95⁰C. 

 

Fluorescence data were collected during the annealing stage of amplification, and data were 

analysed on the MxPro qPCR software (version 3, Stratagene). Baselines and threshold 

values were automatically prescribed by the RG-3000 qPCR software and used after manual 

inspection. The cycle threshold (Ct) value for each duplicate reaction was expressed as the 

mean value, and the results were exported into Microsoft Excel for subsequent statistical 

analysis. The Ct values for 18S remained stable, with no changes detected under all culture 

conditions, suggesting its suitability as a reference gene. Relative quantifications of 

ADAMTS-5 and MMP-13 signals were estimated by normalizing each target to the reference 

gene, 18S, and to the calibrator sample by a comparative Ct approach. For each sample, 

the ratio of target ∆Ct and reference ∆Ct was calculated, as previously described (Lee et al., 

2011, Pfaffl, Horgan and Dempfle, 2002). Ratios were expressed on a logarithmic scale 

(base 10, arbitrary units).     
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5.3 Statistics 
 

For the ex-vivo bioreactor experiments, data represent the mean and SEM values of 4 

replicates from two separate experiments. Statistical analysis was performed using a two-

way analysis of variance (ANOVA) and the multiple post hoc Bonferroni-corrected t-tests to 

compare differences between the various treatment groups as indicated in the figure legend. 

In all cases, a level of 5% was considered statistically significant (p<0.05).    
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5.4 qRT-PCR optimization  

5.4.1 Introduction  

 

Even though it is not standard to optimize qRT-PCR, it has been shown that well-designed 

assays may benefit from some degree of basic optimisation. This will not only result in an 

improvement in the reproducibility of replicates, but also increase the efficiency of the assay. 

qRT-PCR can be optimized by a variety of strategies. In this thesis, qRT-PCR was optimized 

by first selecting a standard set of conditions for the assay, as described in section 5.2.2.3 

and then examining whether the constant criteria for performance were met by the assay. 

The main criteria for this assay was to attain an amplification efficiency ranging between 95 

and 105%, with a correlation coefficient > 0.98 after performing a 1:5 or a 1:10 cDNA dilution 

series with 3 replicates. Based on the results obtained from the standard set of conditions, 

the assay conditions were altered to achieve the ideal performance.     

 

5.4.2 Primer binding efficiency 
 

The optimal hybridisation of primers is an essential factor in optimising PCR efficiency, 

which can be manipulated by either altering primer concentration or temperature of the PCR 

reaction. Since most qPCR systems lack a temperature variable block, capable of ensuring 

extremely precise thermal uniformity, PCR reactions were optimised in this thesis by 

adjusting the primer concentration, which is generally considered to be the more accepted 

strategy. Since the primers employed in this thesis were previously optimised to be used at a 

concentration of 0.5µM in bovine chondrocyte samples treated with IL-1α (Blain, Ali and 

Duance, 2010), optimization of primer concentration was performed at the same 

concentration. As such, the next step of calculating the amplification efficiency was carried 

out in order to integrate the selected primer concentration to the treatment conditions used 

for the samples. To achieve this, a 5-fold serial dilution of cDNA from sample that 

represented the untreated control at 21% oxygen tension was performed to yield four 

different concentrations of cDNA, labelled ‘4’ to ‘1’, with the former representing the highest 

concentration of cDNA sample. Each concentration of cDNA sample was then run in 

triplicates at the thermocycling conditions set in section 5.2.2.3, using the Mx3000P 

quantitative PCR instrument (Stratagene, Amsterdam, The Netherlands). It is also worth 

noting that each PCR reaction consisted of the components listed in reaction 3, to achieve a 

final reaction volume of 10µl. Results from the serial dilution of cDNA were plotted as cDNA 

dilution series (1:5) versus the average Ct value of each corresponding cDNA concentration, 

with a linear model fitted to the data, as shown in figure 5.1.   
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The real-time PCR efficiency (E) of amplification for each target was then defined according 

to the relation,  

                                                     E = 10[-1/slope]                                      Equation 5.2 

Similarly, standard curves were plotted for ADAMTS-5 and MMP-13 primers as shown in 

figure 5.2 and 5.3, respectively. The R2 value of the standard curves exceeded 0.99 and 

revealed efficiency values ranging from 1.94 to 2.03.  

 

 

 

 

 

 

 

Figure 5.1. Standard curve obtained from 1:5 serial dilution of cDNA sample using 18S primers at a 

concentration of 500nM. 
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Figure 5.2. Standard curve obtained from 1:5 serial dilution of cDNA sample using ADAMTS-5 primers 

at a concentration of 500nM. 

Figure 5.3. Standard curve obtained from 1:5 serial dilution of cDNA sample using MMP-13 primers at a 

concentration of 500nM. 
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5.4.3 Minimizing well evaporation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initially, the standard set of conditions for qRT-PCR listed in section 5.2.2.3 were tested on 

cDNA samples as well as nuclease-free PCR-grade water, using the primers 18S, MMP-13 

and ADAMTS-5, in order to check whether the constant criteria for performance were met by 

these stated conditions of the assay. It was observed that irregular fluorescence readings 

were obtained for each cDNA/water sample, as shown in the amplification plot in figure 5.4. 

There was no increase in fluorescence above the threshold line, set at 370dR and, as a 

result, no Ct values were recorded on the MxPro qPCR software.  On inspecting the 96-well 

plate, it was observed that at the end of the three-step thermal cycling protocol, all wells 

containing 10µl of PCR reaction mix were completed dried out due to evaporation resulting 

from:  

  

 the use of an ineffective cover slip on the 96-well plate  

 

 carrying out a three-step thermal cycling protocol which subjects samples to high 

temperatures for a longer period of time instead of a three-step thermal cycling 

protocol 

 

 the use of an insufficient volume of PCR reaction mix - 10µl 
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Figure 5.4. Amplification curves obtained on carrying out qRT-PCR on nuclease-free PCR-grade water 

and cDNA samples, using 18S, MMP-13 and ADAMTS-5 primers in a three-step thermal cycling 

programme, according to the standard conditions stated in section 5.2.2.3. 
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To test the first factor, the cover slip used to seal the 96-well plate was changed to a new 

batch of an adhesive PCR polyester film (Thermo Fisher Scientific, Loughborough, UK, 

AB0558). This material was capable of withstanding temperatures of up to 120⁰C during 

thermal cycling, while preventing evaporation. Since the highest temperature to which 

samples were subjected was 95⁰C, this plate sealant was deemed ideal for the specific 

application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using the new cover slip, the PCR process was repeated on cDNA samples as well as 

nuclease-free PCR-grade water, using the primers 18S, MMP-13 and ADAMTS-5, while 

keeping all other assay conditions constant. On inspecting the 96-well plate on completion of 

the PCR process, it was observed that evaporation of the wells was successfully prevented. 

As such, it was unnecessary to reduce the three-step PCR reaction to a two-step thermal 

cycling protocol. It is worth noting that although increasing the volume of PCR reaction mix 

may have been an alternative solution to minimizing well evaporation, there was limited 

availability of cDNA samples. 

On employing the new batch of plate sealants, the fluorescent readings obtained for each 

cDNA/water sample were still irregular and below the threshold line, until at least the 34th 

cycle of the PCR reaction, as shown from the amplification plot in figure 5.5. Additionally, 

these fluorescence curves did not plateau, which is required to ensure the completion of the 

PCR reaction.   
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Figure 5.5. Amplification curves obtained on employing a new batch of plate sealer for qRT-PCR on 

nuclease-free PCR-grade water and cDNA samples, using 18S, MMP-13 and ADAMTS-5 primers in a 

three-step thermal cycling programme, according to the standard conditions stated in section 5.2.2.3.    
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Since all the other set of conditions stated in section 5.2.2.3 were in place and incapable of 

creating such irregular fluorescence readings, the only possible contributing factor to such 

signals was the type of syber-green used in the assay. Subsequently, the reagent was 

changed from SYBR® Green JumpStart™ Taq ReadyMix™ (with MgCl2 in buffer; Sigma 

Genosys, Cambridge, UK, D4438) to Kapa SYBR® FAST Universal qPCR Master Mix (2X) 

containing KAPA SYBR® and Green 1 dye (Kapa Biosystems, Wilmington, Massachusetts, 

USA). Using the new syber-green, qRT-PCR was then carried out on cDNA samples as well 

as nuclease-free PCR-grade water, using only MMP-13 primer pairs, while keeping all other 

assay conditions constant. This resulted in a PCR reaction with the constituents listed in 

reaction 4. Only one primer pair was tested in this optimization step since testing one primer 

pair was sufficient to determine the efficacy of KAPA syber-green, without the use of the 

other primer pairs. Furthermore, using only one primer pair minimized the waste of cDNA 

and other resources. It was essential to include nuclease-free PCR-grade water in this 

optimization step to identify contamination of reagents and false amplification, as described 

previously. 

Reaction 4:  

Template cDNA  2.5µl 

   Primer (0.5µM)  2.5µl 

   KAPA master mix  5µl 

   Total volume   10µl 

 

Figure 5.6 illustrates the amplification plot obtained from running a three-step thermal cycling 

qRT-PCR programme on cDNA and water samples, using MMP-13 primer pairs and KAPA 

master mix.  
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It was evident that the employment of the KAPA master mix successfully prevented the 

production of irregular fluorescent readings and noise. The amplification plots obtained for 

both cDNA and water samples, using MMP-13 primer pairs were similar to that of a standard 

qRT-PCR amplification plot. There was an exponential increase in fluorescence for both 

cDNA and NTC samples above the threshold line, such that Ct values of 36.2 and 37.6 were 

obtained for cDNA and NTC samples respectively. As the PCR reaction proceeded, there 

was a steady increase in fluorescence for both samples up to the 40th cycle of the reaction, 

hence creating the linear region of the PCR reaction. However, following this region, the 

expected plateau stage was not established, which may have been due to limitations such 

as a loss in specificity. Additionally, the difference in Ct values between that of the cDNA 

and NTC values was less than minimal, accounting for the presence of reagent 

contamination or false amplification. As such, magnesium chloride (MgCl2) was 

incorporated, into the PCR reaction to improve the stringency of the reaction. qRT-PCR was 

performed on both cDNA and NTC samples in duplicates, using MMP-13 primer pairs under 

a three-step thermal cycling programme with and without the employment of MgCl2, as 

shown in reactions 5A and 5B:  
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Figure 5.6. Amplification curves obtained on employing KAPA master mix for qRT-PCR on nuclease-

free PCR-grade water and cDNA samples, using MMP-13 primer pairs in a three-step thermal cycling 

programme.  
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Reaction 5A (+MgCl2):   

      

Template cDNA  1.5µl 

Primer (0.5µM)  2.5µl 

KAPA master mix  5µl 

MgCl2   1µl 

Total volume   10µl  

 

Reaction 5B (-MgCl2): 

 

Template cDNA  2.5µl 

Primer (0.5µM)  2.5µl 

KAPA master mix  5µl 

MgCl2   0µl 

Total volume   10µl 

 

 

 

Figure 5.7. Amplification plots obtained on performing qRT-PCR on nuclease-free PCR-grade water 

(NTC) and cDNA samples in duplicates, using MMP-13 primer pairs in a three-step thermal cycling 

programme with and without MgCl2. 
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On treating cDNA samples with MgCl2, there was an earlier exponential increase in 

fluorescence compared to those of cDNA samples treated without MgCl2 (Figure 5.7). As 

such, samples treated with MgCl2 had lower Ct values compared to those without MgCl2. 

Conversely, there was no difference in the Ct values of NTC samples treated with and/or 

without MgCl2 (Table 5.1). Furthermore, figure 5.7 revealed a plateau stage for each cDNA 

sample, which was absent in figure 5.6, suggesting that these PCR reactions successfully 

reached completion, fully utilizing the cDNA template. These findings were in agreement 

with our hypothesis that MgCl2 contributes to the improvement of stringency of PCR 

reactions. However, the Ct values obtained for each cDNA sample, following the 

employment of MgCl2 were considered to be too low and similar to those of the reference 

gene, which might prove difficult in calculating the relative gene expressions of MMP-13, 

when using the comparative Ct approach. Since the amplification plots in figure 5.7 showed 

that the difference between the Ct values of cDNA and NTC samples treated with and 

without MgCl2 was greater than 2 (Ct>2), suggesting the elimination of reagent 

contamination or false amplification from the PCR reactions, it was decided to remove the 

use of MgCl2 in subsequent PCR reactions involving MMP-13 primer pairs. 

 

Table 5.1: Ct values of NTC and cDNA samples, from carrying out qRT-PCR using MMP-13 primer 

pairs in a three-step thermal cycling programme, with and without MgCl2. 

 (-) MgCl2 (+) MgCl2 

cDNA a 24.15 14.11 

cDNA b 21.59 15.11 

NTC a No Ct 38.95 

NTC b No Ct No Ct 

 

Following this, the process was repeated to observe the effect of MgCl2 in qRT-PCR 

reactions which included ADAMTS-5 primer pairs. qRT-PCR was performed on both cDNA 

and NTC samples in duplicates, using ADAMTS-5 primer pairs under a three-step thermal 

cycling programme with and without the employment of MgCl2. Figure 5.8 illustrates the 

amplification plots obtained from this process.   
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It was evident that the difference in Ct values between cDNA and NTC samples treated with 

and without MgCl2 exceeded a Ct value of 2, which is required to confirm the abolition of 

reagent contamination or false amplification from the PCR reactions (Ct>2). However, there 

was not a significant difference between the Ct values of samples treated with and without 

MgCl2, as indicated in table 5.2. As such, subsequent optimization steps excluded the use of 

MgCl2 in combination with ADAMTS-5 primer pairs. From the amplification plots, it was also 

observed that the exponential increase in fluorescence for each cDNA sample occurred at or 

beyond the 29th cycle of the PCR reaction, resulting in Ct values which are abnormally high 

for any given PCR reaction. Such findings suggested a loss of specificity to some extent in 

these PCR reactions, which might have been due to the type of thermal cycling programme 

in use, which represented the remaining qRT-PCR condition still to be tested.  
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Figure 5.8. Amplification plots obtained on performing qRT-PCR on nuclease-free PCR-grade water 

(NTC) and cDNA samples in duplicates, using ADAMTS-5 primer pairs in a three-step thermal cycling 

programme with and without MgCl2. 
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Table 5.2: Ct values of NTC and cDNA samples, from carrying out qRT-PCR using ADAMTS-5 primer 

pairs in a three-step thermal cycling programme, with and without MgCl2. 

 (-) MgCl2 (+) MgCl2 

cDNA a 32.75 28.95 

cDNA b 33.32 31.30 

NTC a 37.13 37.14 

NTC b No Ct 34.99 

 

Since a three-step thermal cycling programme was used for the previous qRT-PCR 

optimization steps, the effect of using a two-step thermal cycling programme on ADAMTS-5 

primers was examined in order to reduce the loss in specificity in the PCR reactions and to 

reduce the Ct values of cDNA samples such that they fell between values of 20 and 30. As 

such, qRT-PCR was carried out on both cDNA and NTC samples, using ADAMTS-5 primer 

pairs under a two-step thermal cycling programme without the employment of MgCl2 

(reaction 5B). 

 

Figure 5.9 illustrates the amplification plots obtained from this reaction. It was evident that 

using a two-step thermal cycling programme on ADAMTS-5 primers reduced the Ct value of 

the cDNA sample to a value between 20 and 30 (Ct=24.42, Fig. 5.9). Additionally, the 

difference between the Ct values of cDNA and NTC samples was 3.32 (Ct>2), which is 

required to confirm the elimination of reagent contamination or false amplification from the 

PCR reaction. Furthermore, all three stages of the PCR reaction were clearly indicated in the 

response, namely, the exponential, linear and plateau stages. As such, the ideal conditions 

to carryout qRT-PCR on cDNA samples, in combination with 0.5µM of ADAMTS-5 primer 

pairs involve the use of a two-step thermal cycling programme. This comprised of an initial 

polymerase activation step at 95°C for 3 minutes, followed by denaturation of 35 cycles at 

95°C for 30 seconds, annealing at 60°C for 1 minute, and extension at 72°C for 1 minute.  

Reaction 6 lists the proportion of components required for this PCR reaction:  

       

 

Reaction 6: 

 

Template cDNA  2.5µl 

Primer (0.5µM)  2.5µl 

KAPA master mix  5µl 

Total volume   10µl 
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Since a two-step thermal cycling programme dramatically improved the qRT-PCR results 

(Fig. 5.9), in relation to ADAMTS-5 primers, it was interesting to examine the effect of 

performing the equivalent programme on MMP-13 and 18-S primer pairs, as this thermal 

cycling programme reduces the time required to run samples on the Mx3000P quantitative 

PCR instrument (Stratagene, Amsterdam, The Netherlands) for approximately 1 hour. qRT-

PCR was subsequently  performed on both cDNA and NTC samples, using MMP-13 and 18-

S primer pairs under a two-step thermal cycling programme in the absence of MgCl2, 

following reaction 6.  

 

This resulted in a Ct value of 25.37 for the cDNA sample, whereas no Ct value was obtained 

for the NTC samples, as illustrated in figure 5.10. Since the difference between these values 

was greater than 2, this finding confirmed the elimination of reagent contamination and false 

amplification. In a similar manner to the amplification plot obtained from the cDNA sample 

treated with ADAMTS-5, all three stages of the PCR reaction were exhibited in the 

amplification plot obtained from the cDNA sample in figure 5.10, ensuring that the PCR 

reaction was successfully completed. Additionally the Ct values obtained from cDNA 

samples which were subjected to a two-step thermal cycling programme were similar to 

those obtained from cDNA samples subjected to the  three-step thermal cycling programme, 
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Figure 5.9. Amplification plots obtained on performing qRT-PCR on nuclease-free PCR-grade water 

(NTC) and cDNA samples, using ADAMTS-5 primer pairs in a two-step thermal cycling programme 

without MgCl2. 
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while keeping all other PCR conditions constant (Ct=24.15, table 5.1). Hence, performing a 

two-step thermal cycling programme was preferable to a three-step thermal cycling 

programme, as the former proved less time consuming and produced similar results to that 

of a three-step thermal cycling programme.   

 

Thus, qRT-PCR involving the use of MMP-13 primer pairs was performed under the same 

conditions as that of ADAMTS-5 primer pairs.  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 illustrates the amplification plots obtained from carrying out qRT-PCR on both 

cDNA and NTC samples, using 18-S primer pairs under a two-step thermal cycling 

programme in the absence of MgCl2. A Ct value of 19.69 was obtained from the cDNA 

sample in figure 5.11, whereas no Ct value was obtained from the NTC sample. Similar to 

figures 5.9 and 5.10, this finding suggested the elimination of contamination and false 

amplification in the PCR reaction. Additionally, the first two stages of the PCR reaction, 

namely, the amplification and linear stages were clearly exhibited in the amplification plot 

obtained from the cDNA sample in figure 5.11. Thus, the ideal conditions required to carry 
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Figure 5.10. Amplification plots obtained on performing qRT-PCR on nuclease-free PCR-grade water 

(NTC) and cDNA samples, using MMP-13 primer pairs in a two-step thermal cycling programme 

without MgCl2. 
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out qRT-PCR which involve the employment of 18-S are the same as those required to run 

qRT-PCR which employ ADAMTS-5 and MMP-13 primer pairs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consequently, cDNA samples obtained from subjecting chondrocyte/agarose constructs to 

dynamic loading and treated with TNFα in the presence and absence of L-NIO at both 5% 

and 21% oxygen tensions were analysed for ADAMTS-5 and MMP-13, using reaction 6, and 

a two-step thermal cycling programme without the employment of MgCl2.    
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Figure 5.11. Amplification plots obtained on carrying out qRT-PCR on nuclease-free PCR-grade water 

(NTC) and cDNA samples, using 18-S primer pairs in a two-step thermal cycling programme without 

MgCl2. 
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5.5 Results 

 

Low oxygen tension increased expression of MMP-13 and 

ADAMTS-5 in chondrocytes treated with TNFα and the response 

was reduced by dynamic compression 

 

The effect of oxygen tension on the gene expression of MMP-13 and ADAMTS-5 in 

chondrocytes cultured with TNFα and subjected to dynamic compression was examined in 

six replicates from two separate experiments. Due to the small number of repeats (n=2), 

inferential statistical analysis was not performed to compare differences between the various 

treatment groups. As such data from the two experiments were represented separately, as 

shown in figures 5.12 and 5.13. It is evident that for unstrained constructs, at 21% and 5% 

oxygen tensions, the presence of TNFα resulted in a 1-fold and 3-fold increase in ADAMTS-

5 gene expression, respectively, when compared to untreated controls from experiment 1 

(Figs. 5.12 A and B). From the same experiment, the presence of TNFα in 

chondrocyte/agarose constructs resulted in an approximate 1-fold and 2-fold change in 

MMP-13 gene expression when cultured at 21% and 5% oxygen tension, respectively (Figs. 

5.13 A and B). Similar effects were observed in experiment 2 upon analysing the gene 

expression of both ADAMTS-5 and MMP-13. In unstrained constructs, greater levels of 

ADAMTS-5 and MMP-13 gene expression were observed at 5% oxygen tension when 

compared to 21% in both experiments. The induction of MMP-13 and ADAMTS-5 gene 

expression by TNFα at 21% and 5% oxygen tension were reduced with the NOS inhibitor 

and abolished completely by stimulation with dynamic compression in both experiments 

(Figs. 5.12 and 5.13). 
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Figure 5.12. The effects of TNFα and dynamic compression on ADAMTS-5 gene expression at 21 and 5% oxygen. Data obtained from the two experiments carried out have 

been divided into experiment 1 (A, B) and experiment 2 (C, D) in order to determine the presence of significant differences between the two sets of experiments. 

Chondrocyte/agarose constructs were subjected to dynamic compression (15%, 1 Hz) in the presence or absence of TNFα (0 or 10 ng/ml) and/or L-NIO (1 mM) at 21 and 5% 

oxygen tension for 6 hours. Error bars represent the mean and SEM values for 3 replicates from a single experiment.  
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Figure 5.13. The effects of TNFα and dynamic compression on MMP-13 gene expression at 21 and 5% oxygen. Data obtained from the two experiments carried out have 

been divided into experiment 1 (A, B)  and experiment 2 (C, D) in order to determine the presence of significant differences between the two sets of experiments. 

Chondrocyte/agarose constructs were subjected to dynamic compression (15%, 1 Hz) in the presence or absence of TNFα (0 or 10 ng/ml) and/or L-NIO (1 mM) at 21 and 5% 

oxygen tension for 6 hours. Error bars represent the mean and SEM values for 3 replicates from a single experiment.  
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5.6 Discussion  
 

One of the key difficulties encountered in cartilage mechanobiology is the analysis of RT-

qPCR data, to examine the mRNA expressions of the anabolic and catabolic genes of 

chondrocytes. Studies which particularly involve numerous experimental test conditions, 

such as mechanical, chemical and time-dependent factors, encounter major differences in 

RT-qPCR results, since data obtained predominantly depends on the selection of 

appropriate normalisation strategy. Insufficient normalisation of data obtained, as well as 

statistical errors during analysis will prove difficult in obtaining meaningful data which may 

not be reproducible or comparable to previously published work. Furthermore, insufficient 

validation and optimization of the conditions required to perform qPCR can contribute to 

these difficulties in analysing RT-qPCR data. The use of unreliable reference genes for each 

experimental test condition is also a contributing factor to these challenges. As such, the trial 

and error steps taken to optimise RT-qPCR techniques, for mechanotransduction studies, 

using the well characterized 3D chondrocyte/agarose model and Bose bioreactor system 

described in chapter 2, were described in the present chapter for cartilage mechanobiology 

studies.  

 

In ex-vivo studies, reduced oxygen tension at 5% was observed to enhance the 

inflammatory response with greater induction of MMP-13 and ADAMTS-5 gene expression 

that also favours the inhibition of matrix synthesis and loss. In ex-vivo bioreactor studies, 

dynamic compression reduced the production of inflammatory mediators in response to 

TNFα, and this response was abolished when dynamic compression was coupled with the 

NOS inhibitor. We observed differences in the loading-induced response such that the 

magnitude of inhibition was greater at 5% oxygen tension than 21%. In addition, the 

beneficial response was paralleled with anabolic activities as typified by increased matrix 

synthesis that was greater at 21% oxygen tension than 5%. The literature is sparse with 

respect to the combined effect of TNFα and dynamic compression at low oxygen tensions in 

chondrocytes. However, the effect of oxygen tension and mechanical stress is well 

characterized (Fermor et al., 2007, Fermor et al., 2005, Wernike et al., 2008). Matrix 

synthesis was increased and chondrogenic gene expression was stabilised by long-term 

mechanical loading at 5% oxygen tension when compared to 21% in a 

chondrocyte/polyurethane model (Wernike et al., 2008). Conversely in porcine cartilage 

explants, mechanical loading enhanced NO production at 5 and 20% oxygen tension and 

the response was reduced at 1% oxygen tension (Fermor et al., 2007, Fermor et al., 2005). 

However, the manner in which cytokine-induced inflammatory pathways are influenced by 

oxygen tension and biomechanical signals are unclear. Further studies are needed to 

unravel the distinct pathways induced by oxygen tension, biomechanical signals and TNFα. 

This will help to identify key targets and potential therapies for OA.  
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In summary, the present study demonstrates that exogenous TNFα combined with low 

oxygen tension enhanced the production of inflammatory mediators, which are reduced with 

biomechanical signals or the presence of the NOS inhibitor in an oxygen-dependent manner. 

The inflammatory environment attempts to assist with tissue remodelling but the response 

was influenced by biomechanical signals leading to restoration of matrix synthesis. Although 

selective inhibition of NOS and stimulation with biomechanical signals leads to 

chondroprotection, further studies are needed to unravel the distinct pathways induced by 

oxygen tension, biomechanical signals and TNFα. This will help to identify key targets and 

potential therapies for OA treatments.   
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6.1 Introduction 

 

It has been well documented that ECM-fs induce catabolic activities during OA disease 

progression and hence they are involved in the regulation of cartilage tissue remodelling. Of 

these matrix fragments, the 29kDa NH2-terminal heparin binding FN-f has been proven to be 

the most potent, followed by Col-fs, in particular, amino and carboxyl telopeptides 

(Homandberg, 1998). Previous studies have shown that during OA disease progression, 

oxygen tension has a substantial influence on the metabolic activities of chondrocytes, 

hence affecting the pathways induced by extracellular matrix fragments (Parker et al., 2013). 

The signalling cascades induced by a combination of ECM-fs and oxygen tension are 

complex, providing drive for the current study to be carried out. It has been well documented 

that Col-fs and FN-fs ranging from 29 to 140kDa in size induce a loss in proteoglycans and 

an inhibition in matrix synthesis under ambient conditions (Homandberg, Meyers and Xie, 

1992, Homandberg, Wen and Hui, 1998, Homandberg and Hui, 1996, Homandberg and 

Wen, 1998, Xie, Hui and Homandberg, 1993, Xie, Hui, Meyers and Homandberg, 1994). 

Also, studies incorporating 3D chondrocyte/agarose models revealed an increase in levels of 

NO in the presence of the highly potent 29kDa heparin binding FN-f, which was 

commercially available (Raveenthiran and Chowdhury, 2009, Chowdhury et al., 2010, 

Mosesson, Homandberg and Amrani, 1984).  

 

In extracellular matrix proteins such as elastin and collagen, a sequence of consensus 

pattern, XGXXPG has been identified, which is known to bind to the EBP receptor, also 

termed SGAL. In recent studies, inhibition of the consensus pattern XGXXPG has been 

demonstrated with the incorporation of lactose. Since FN-fs are derived from the matrix 

protein FN, in a similar manner to which Col-fs are derived from type II collagen, and since 

this consensus pattern is present in collagen, the present study investigates whether the 

sequence of consensus pattern, XGXXPG is also present in FN-fs, and whether it is 

responsible for the mediation of catabolic activities in chondrocytes via EBP/SGAL. 

Additionally, the effect of hypoxia on the response of FN-fs to lactose and mechanical 

conditioning is also examined. Furthermore, the study also examines the effects of 

commercially available amino telopeptides on the metabolic activities of chondrocytes 

seeded in agarose constructs under varying oxygen tensions.  
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6.2 Materials and methods 

 

6.2.1 Effect of NT telopeptides on the production of catabolic and 

anabolic mediators in chondrocyte/agarose constructs 

cultured at 21, 5 and 2% oxygen tension 

 

Chondrocyte/agarose constructs were prepared using a well-established model as described 

in section 2.2. At this point of the study, more incubators were available in the host 

laboratories, which enabled the examination of an additional hypoxic condition. Thus, 

constructs were equilibrated in culture under free-swelling conditions at 21, 5 and 2% 

oxygen tensions for 72 hours. The glove-box style workspace was integrated within a 

Biospherix incubator to ensure that the experimental conditions during set-up and 

experimentation were uninterrupted, as previously described (Parker et al., 2013). Following 

the equilibration period, constructs were cultured for a further 48 hours with DMEM + 20% 

FCS supplemented with 0 or 3µM of N-terminal (NT) telopeptides derived from collagen type 

II (Laboratoire de Biotechnologie du Luxembourg S.A.) in the presence and absence of 1mM 

L-N-(1-iminoethyl)-ornithine (L-NIO) or 100µM of the COX-2 inhibitor, NS-398 for up to 48 

hours at 21, 5 and 2% oxygen tensions. The synthetic peptides were 10kDa in size and were 

synthesized by using sequences published previously (Chowdhury et al., 2010; Lucic et al., 

2003; Guo et al., 2009). More specifically, the NT peptide corresponds to the amino-terminal 

region of collagen type II and contains 19 amino acids (residues 182 to 212) with an 

additional four glycine-proline-hydroxyproline (GPX) tripeptide repeat resulting in a short 31-

mer peptide (sequence: QMAGGFDEKAGGAGLGVMQGPMGPMGPRGPP). Additionally, 

10ng/ml of TNFα (Peprotech EC Ltd, London, UK) was incorporated into the experiment as a 

positive control, in the presence and absence of the two inhibitors at 21% oxygen tension, 

such that the N-terminal-induced response was compared to these constructs. L-NIO inhibits 

all isoforms of the nitric oxide synthase enzymes (Merck Chemicals, Nottingham, UK), 

whereas NS-398 is a selective inhibitor of cyclooxygenase-2.  

 

In a separate experiment aiming at improving the N-terminal-induced response in 

chondrocyte/agarose constructs, the concentration of N-terminal (NT) telopeptides derived 

from collagen type II (LifeTein LLC, Somerset, New Jersey, US) was increased from 3 to 

50µM. The number of variables incorporated into the experiment was also reduced by 

observing the effects of the NT telopeptides only in the presence and absence of L-NIO and 

not NS-398 at 21 and 5% oxygen tensions. Similar to the previous experiment, 10ng/ml of 

TNFα (Peprotech EC Ltd, London, UK) was incorporated into the experiment as a positive 

control, in the presence and absence of the NOS inhibitor at 21% oxygen tension. At the end 

of the culture period, the constructs and corresponding media were removed and 

immediately stored at −20◦C prior to biochemical analysis. Figure 6.1 illustrates the steps 
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Bovine chondrocytes / 

agarose constructs 

(+/-) NT-telopeptides  

(+/-) TNFα and / or L-NIO 

and / or NS-398 

48 hr 

Anabolic: GAG (DMB), DNA (Hoescht) 

Catabolic: NO (Griess) 

Equilibrated under ex-vivo conditions at 

21, 5 and 2% oxygen tensions  

(72 hr) 

undertaken when examining the effects of NT telopeptides in chondrocyte/agarose 

constructs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Flow chart illustrating ex-vivo methods and protein analysis for the investigation of the 

effects of N-telopeptides on chondrocyte metabolism. 
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6.2.2 Effect of fibronectin fragments on the production of catabolic 

and anabolic mediators in chondrocyte/agarose constructs 

cultured at 21, 5 and 2% oxygen tension 

 

Following the preliminary study on FN-fs and lactose carried out by Drs Parker and Peake 

(Fig. 1.26, 1.27; unpublished), the dose response effect of lactose on FN-fs was examined. 

Free-swelling culture conditions of chondrocyte/agarose constructs were kept the same as 

those incorporated for TNFα studies in chapters 3 and 4, such that the potencies of TNFα 

and FN-fs can be compared from both studies. Briefly, these free-swelling studies involved 

equilibrating chondrocyte/agarose constructs for 72 hours, followed by 48 hours of treatment 

with TNFα at 37⁰C and 5% CO2. Similarly, in this study, chondrocyte/agarose constructs 

were initially equilibrated in culture under free-swelling conditions at 21% oxygen tension for 

72 hours. Following the equilibration period, constructs were cultured for a further 48 hours 

with DMEM + 20% FCS supplemented with either 0 or 1µM of 29kDa NH2-heparin-binding 

FN-f (generous gift from Prof Gene Homandberg) in the presence and absence of α lactose 

monohydrate at increasing concentrations of 0.1, 1, 10 and 100mM (Sigma-Aldrich, Dorset, 

UK). It must be noted that FN-fs were isolated from cathepsin D and thrombin digests of 

fibronectin from plasma adsorption, as previously described (Mosesson, Homandberg and 

Amrani, 1984). Figure 6.2 illustrate the steps undertaken when examining the effects of FN-

fs in chondrocyte/agarose constructs. 

 

Optimization of the culture conditions required for lactose to inhibit the FN-f-induced 

catabolic activities was then carried out, which involved trial and error steps, starting from 

the standard free-swelling culture conditions stated above (section 6.2.2), with sequentially 

changes made based on the results obtained. Figure 6.3 is a flow chart illustrating these 

optimization steps incorporated.  

  

Once the optimum culture conditions and concentrations of FN-f and lactose were 

established for the inhibition of FN-f-induced catabolic activities (this is protocol was further 

optimised as described in section 6.3.3), the effect of 21, 5 and 2% oxygen tension on the 

response of FN-fs to lactose was then examined. Chondrocyte/agarose constructs treated 

with the optimum concentration of FN-fs in the presence and absence of the optimum 

concentration of α lactose monohydrate (Sigma-Aldrich, Dorset, UK) were cultured under 

free-swelling conditions at 21, 5 and 2% oxygen tensions in a glove-box style workspace 

integrated within a Biospherix incubator to ensure that the experimental conditions during 

set-up and experimentation were uninterrupted, as previously described in section 2.2 

(Parker et al., 2013).  
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of FN-fs and lactose 

Effect of 21, 5 and 2% oxygen 
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Combined effects of dynamic 
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and 5%) on FN-fs (+/) lactose 
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Equilibrated under ex-vivo conditions  

(72 hr)  

Figure 6.2. Flow chart illustrating ex-vivo methods and protein analysis for the investigation of the 

effects of FN-fs on chondrocyte metabolism. 
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Figure 6.3. Flow chart illustrating the steps taken for the optimization of the culture conditions and 

concentrations required for lactose to inhibit FN-fs induced catabolic activities. 

 

6.2.3 Effect of dynamic compression on VGVAPG peptide- 

stimulated chondrocyte/agarose constructs cultured at 21, 5 

and 2% oxygen tensions 

 

In a separate experiment, a novel ex-vivo bioreactor (Bose ElectroForce, Gillingham, UK) 

was used to examine the effect of α lactose monohydrate on synthesized VGVAPG peptides 

(Elastin Products Company, Missouri, USA) in chondrocyte/agarose constructs subjected to 

dynamic compression at 21% or 5% oxygen tension, as previously described in section 2.2 

(Parker et al., 2013). Constructs were transferred into individual wells of a 24-well culture 

plate (Costar, High Wycombe, UK) and mounted within the bioreactor system that was 

integrated within the Biospherix incubator. The medium was supplemented with either 0 or 

10µg/ml of VGVAPG peptide in the presence and absence of 100mM lactose and the 

experimental conditions during set-up and culture were uninterrupted. A concentration of 

10µg/ml of VGVAPG peptide was employed in this study, since this concentration of peptide 

was mostly employed in previous studies which examined the inhibitory effects of lactose on 

the VGVAPG peptide. It is worth noting that the purpose of employing the VGVAPG peptide 

in this study was for the replacement of the catabolic activities normally induced by FN-fs, 

thus confirming the presence of the XGXXPG sequence in FN-fs. Constructs were subjected 

to intermittent compression under unconfined conditions, with a profile of 10 min 

compression followed by a 5 hour 50 min unstrained period for a culture period of 48 hours, 

as previously described (Parker et al., 2013). The ex-vivo conditions were found to be 

optimal when measuring protein synthesis at this time point (Parker et al., 2013). The 

Step 1

• Effect of the solubility of lactose in culture media, DMSO and 
PBS and the effect on FN-fs 

Step 2
• Effect of equilibration on the response of FN-fs to lactose

Step 3
• Dose response effect of FN-fs on lactose (+) equilibration

Step 4
• Dose response effect of FN-fs on lactose (-) equilibration

Step 5
• Dose response effect of lactose on FN-fs (-) equilibration
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compression regime was applied in a dynamic manner with a strain amplitude of 0-15%, 

using a sinusoidal waveform at a frequency of 1Hz and resulted in 4800 duty cycles for the 

48 hour culture period. Control constructs were maintained in an unstrained state in the 

bioreactor system and cultured for the same time period. The time period of 48 hours was 

found to be optimal when assessing nitrite release and GAG synthesis. At the end of the 

experiment, the constructs and corresponding media were stored at −20°C prior to analysis.  
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6.3 Results 

 

6.3.1 Effect of 3 and 50µM NT telopeptides on nitrite release and 

GAG synthesis in chondrocyte/agarose constructs cultured 

at 21, 5 and 2% oxygen tension  
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Figure 6.4. Effect of 21, 5 and 2% oxygen tension on (A) nitrite release and (B) GAG synthesis in 

chondrocytes treated with 3µM of NT telopeptides and/or L-NIO (1mM), and/or NS-398 (100mM) for 48 

hours. 10ng/ml of TNFα in the presence and absence of both inhibitors represented a positive control. 

Error bars represent the mean and SEM values for 4 replicates from one experiment. (***) indicates 

significant comparisons between treatment conditions at 21%, 5% and 2% oxygen tension.  



Chapter 6 

171 
 

The ability of 3µM of the synthesized NT telopeptides (Laboratoire de Biotechnologie du 

Luxembourg S.A.) to influence nitrite release in chondrocyte/agarose constructs in an 

oxygen-dependent manner was compared to that of constructs treated with TNFα for 48 

hours (Figure 6.4A). A decrease in nitrite production was observed with NT telopeptides 

when compared to untreated controls at all oxygen tensions, except 2% oxygen tension 

where no change in nitrite production was observed with the employment of NT telopeptides. 

Conversely, a significant increase in nitrite release was observed in TNFα-treated constructs 

at 21% oxygen tension when compared to untreated chondrocyte/agarose constructs. Co-

incubation of NT-treated samples with L-NIO had no effect on nitrite release at both 5 and 

2% oxygen tensions, unlike 21% oxygen tension which revealed a decrease in nitrite 

production on stimulating NT-treated constructs with L-NIO. On the other hand, co-

incubating NT-treated constructs with the COX-2 inhibitor induced an increase in nitrite 

production at 2% oxygen tension, unlike 5 and 21% oxygen tensions, at which no change in 

nitrite release was observed. Similar results were identified in chondrocyte/agarose 

constructs treated with TNFα and NS-398, as shown in figure 6.4A 

 

Figure 6.4B illustrates the corresponding GAG synthesis effects on culturing 

chondrocyte/agarose constructs, under free-swelling conditions with 3µM of NT telopeptides 

(Laboratoire de Biotechnologie du Luxembourg S.A.) in the presence or absence of the NOS 

inhibitor, with or without NS-398. No change in GAG synthesis was observed on treating 

chondrocyte/agarose constructs with NT telopeptides at 21, 5 and 2% oxygen tensions, 

compared to untreated controls. Similarly, at all oxygen tensions, co-incubation of NT-

treated samples with L-NIO had no effect on nitrite production, when compared to untreated 

samples. Conversely, on stimulating chondrocyte/agarose constructs with TNFα a marginal 

decrease in GAG synthesis was induced, which was reversed on co-incubation with the 

NOS inhibitor. Co-incubation of NT-treated constructs with NS-398 resulted in no change in 

nitrite release at both 5 and 2% oxygen tensions, compared to untreated controls. 

Contrariwise, a decrease in nitrite release was observed on co-incubating NT-treated 

peptides with the COX-2 inhibitor. In the case of TNFα-treated samples, co-incubation with 

NS-398 had no effect in the restoration of GAG levels.  

 

Conclusively, these results suggested that 3µM NT telopeptides synthesized by Laboratoire 

de Biotechnologie (Luxembourg S.A.) did not stimulate a catabolic effect in 

chondrocyte/agarose constructs and are not in agreement with previous studies which 

observed the induction of catabolic effects on employing synthetic NT telopeptides in both 

2D and 3D models (Chowdhury et al., 2010; Lucic D. et al., 2003; Guo. D et al., 2009; further 

discussed in section 7.8). As a result, the concentration of synthetic NT-telopeptides 

incorporated was increased from 3 to 50µM in order to induce a catabolic response. 
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Figure 6.5. Effect of 21, 5 and 2% oxygen tension on (A) nitrite release and (B) GAG synthesis in 

chondrocytes treated with 50µM of NT telopeptides and/or L-NIO (1mM) for 48 hours. 10ng/ml of TNFα  

in the presence and absence of both inhibitors represented a positive control. Error bars represent the 

mean and SEM values for 4 replicates from one experiments. (***) indicates significant comparisons 

between treatment conditions at 21%, 5% and 2% oxygen tension.  
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Figures 6.5A and 6.5B represent nitrite release and GAG synthesis effects on culturing 

chondrocyte/agarose constructs, under free-swelling conditions with an increased 

concentration of 50µM of NT telopeptides synthesized by LifeTein (LLC, Somerset, New 

Jersey, US) in the presence or absence of the NOS inhibitor. In this experiment, 

chondrocyte/agarose constructs were also cultured with TNFα with and without L-NIO to act 

as a positive control. On culturing constructs with TNFα, a significant increase in nitrite 

release was observed which was decreased to basal levels on co-incubation with L-NIO at 

21% oxygen tension (Fig. 6.5A). Constructs treated with 50µM of NT-telopeptides at 21, 5 

and 2% oxygen tension did not stimulate a catabolic effect in chondrocytes. Instead, a 

decrease in nitrite release was observed at 21 and 5% oxygen tension on employing the 

synthetic telopeptide, whereas no change was exhibited at 2% oxygen tension, when 

compared to untreated controls. Similarly, co-incubation of NT telopeptide-treated constructs 

with the NOS inhibitor did not induce any changes in nitrite release at 21, 5 and 2% oxygen 

tension. 

GAG synthesis data (fig. 6.5B) revealed that treating chondrocyte/agarose constructs with 

TNFα or NT telopeptides did not have any effect on GAG synthesis when compared to 

untreated controls at 21, 5 and 2% oxygen tension and co-incubation with L-NIO also 

showed similar results at all three oxygen tensions.  

Hence, the above results suggested that increasing the concentration of NT-telopeptides 

from 3 to 50µM did not induce any catabolic activity in chondrocyte/agarose constructs and 

were not consistent with previous studies which examined the effect of various 

concentrations of the synthetic NT-telopeptide in both 2D and 3D model systems 

(Chowdhury et al., 2010; Lucic D. et al., 2003; Guo. D et al., 2009).   

 

6.3.2 Dose response effect of lactose on FN-fs-induced NO 

release and GAG synthesis in chondrocyte/agarose 

constructs cultured under free-swelling conditions 
 

The dose response effect of lactose on the nitrite production of chondrocyte/agarose 

constructs treated with 1µM FN-f is shown in figure 6.6. A significant increase in nitrite 

production was observed on treating constructs with 1µM of FN-fs (p<0.001) or 10ng/ml of 

TNFα (p<0.001), when compared to untreated controls. The increase in nitrite production 

was significantly greater in FN-fs-treated constructs when compared to constructs treated 

with TNFα (p<0.001). However, co-incubation of FN-fs-treated samples with 0.1, 1, 10 or 

100mM of lactose did not reverse this effect at all (p>0.05 at all concentrations of lactose).   

A decrease in GAG synthesis was observed on treating chondrocyte/agarose constructs 

with FN-fs (p>0.001) when compared to untreated controls, unlike treating samples with 

TNFα (p>0.05).On co-incubating FN-f-treated constructs with any of the aforementioned 

concentrations of lactose, this catabolic effect was not reversed (p>0.05).  
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Figure 6.6. Effect of varying concentrations of lactose on (A) nitrite release and (B) GAG synthesis in 

chondrocytes treated with 1µM FN-f. Chondrocyte/agarose constructs were cultured for 48 hours with 

varying concentrations of lactose (0.1 to 100 mM) and/or FN-fs (1µM) and the effects were examined 

on (A) nitrite release and (B) GAG synthesis. TNFα was used as a positive control. Error bars 

represent the mean and SEM values for 4 replicates from one experiment. (***) p<0.001 indicate 

significant comparisons between treatment conditions.  
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The inability of lactose to inhibit FN-f-induced nitrite production in figure 6.6, was assumed to 

be a result of the difficulties encountered when preparing lactose solutions at concentrations 

ranging from 0.1 to 100mM, using DMEM supplemented with 20% FCS. When preparing 

these lactose solutions, saturation was observed at all concentrations, especially at the 

highest concentration of lactose solution, 100mM. This inability of lactose to completely 

solubilize in DMEM + 20% FCS (culture media) may have prevented lactose molecules from 

diffusing into the 3D chondrocyte/agarose model, hence stopping them from interacting with 

the cell surface to induce an anabolic effect on chondrocytes. Nevertheless, lactose 

solutions were prepared in the same manner as those from the preliminary study carried out 

by Drs Parker and Peake (Fig. 7.12, 7.13; unpublished), in which a 40% decrease in FN-f-

induced nitrite production was observed with 100mM lactose. Additionally, the culture media 

used in this study composed of the same constituents as that of Dr Parker’s (unpublished); 

also described in Chapter 2. According to manufacturer’s instructions, the solubility of 

lactose in water is approximately 278mM (MW=360.31g/mol, Sigma). This suggested that 

even though the concentrations of lactose solutions prepared did not exceed its maximum 

solubility limit, the solvent used in this case, culture media, may have interfered with the 

solubility of lactose. As such, the following study examined whether the use of alternative 

solvents, namely: DMSO and PBS (Sigma), improved the solubility of lactose when 

compared to culture media in preparing the maximum concentration of lactose solution 

required to inhibit FN-fs (100mM). 100mM lactose was selected as the maximum 

concentration of lactose required to perform a dose response study since previous studies 

which examined the inhibitory effects of lactose incorporated concentrations ranging from 

5mM to 200mM (Hinek and Rabinovitch, 1994, Hinek et al., 1988, 1991, 1993, Hinek and 

Wilson, 2000, Wachi et al., 2004, Mecham et al., 1989a, 1989b, 1991, Privitera et al., 1998, 

Blanchevoye et al., 2013).   
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6.3.3 Optimization of the culture conditions required for lactose to 

induce anabolic effects in FN-f-treated constructs 

 

6.3.3.1 Effect of the solubility of lactose in culture media versus DMSO 

and PBS  

 

To determine whether the employment of DMSO or PBS improved the solubility of lactose 

when compared to culture media, 100mM of lactose solution was prepared using the 3 

solvents, while keeping all other culture conditions constant. Each lactose solution was then 

incubated on rollers at 37⁰C for 30mins. Following this, chondrocyte/agarose constructs 

were treated with 1µM FN-fs in the presence and absence of the prepared lactose solutions 

to examine whether a well dissolved lactose solution had an effect of FN-f-treated 

chondrocytes (figure 6.7).   

 

On mixing lactose powder with DMSO and PBS, it was observed that lactose was 

completely insoluble in both solvents, when compared to culture media. Yet, minor traces of 

saturation were observed when lactose was mixed with culture media. In order to eliminate 

this, each lactose solution was incubated at 37⁰C for 30mins in order to increase its rate of 

solubility (Fox, 1985, Zadow, 1992). From this step, complete solubility of lactose was 

achieved with culture media unlike DMSO and PBS. As such lactose in DMSO or PBS was 

discarded from being tested with chondrocytes. On the other hand, chondrocyte/agarose 

constructs were treated with FN-fs in the presence and absence of lactose, in order to 

examine the effects of lactose on FN-fs, as shown in figure 6.7. It is worth noting that all 

subsequent experiments involve preparing lactose in culture media.  

 

A significant increase in nitrite release was observed on treating chondrocyte/agarose 

constructs with 1µM FN-fs, when compared to untreated controls (p<0.001), as shown in 

figure 6.7A. However, co-incubation with 100mM of lactose solution, prepared in culture 

media did not reverse this catabolic effect (p>0.05). Figure 6.7B shows that a marginal 

decrease in GAG synthesis was observed on treating chondrocyte/agarose constructs with 

FN-fs when compared to untreated constructs (p<0.05).On co-incubating these samples with 

lactose, a significant increase in GAG synthesis was not revealed (p>0.05).  
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Figure 6.7. Effect of lactose prepared in culture media on (A) nitrite release and (B) GAG synthesis in 

chondrocytes treated with 1µM FN-f. Chondrocyte/agarose constructs were cultured for 48 hours with 

100mM lactose and/or 1µM of FN-fs and the effects were examined on (A) nitrite release and (B) GAG 

synthesis. Error bars represent the mean and SEM values for 4 replicates from one experiment. (*) 

p<0.05 and (***) p<0.001, indicate significant comparisons between treatment conditions.  
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The absence of a significant reduction in FN-f-induced nitrite release with lactose in figure 

6.7A, may have been due to the incorporation of a 72 hour equilibration period, prior to 

treatment with FN-fs and/or lactose for 48 hours. This is because, on comparing the present 

study to that which revealed a successful reduction in FN-fs-induced nitrite production (figure 

1.27), it was observed that the only difference in the culture conditions between the two 

studies was that chondrocyte/agarose constructs were not equilibrated prior to treatment 

with FN-fs in the preliminary study. This difference in culture conditions may be a 

contributing factor in the changes observed in the effects of lactose between the two studies. 

In order to confirm this, the following study was performed (section 6.3.3.2).  

 

6.3.3.2 Effect of equilibration on the response of FN-fs to lactose in 

chondrocyte/agarose constructs  

 

Chondrocyte/agarose constructs were subjected to either 0 hours of equilibration or 72 

hours of equilibration, followed by treatment with 1µM FN-fs in the presence or absence of 

100mM lactose for 48 hours as shown below in figure 6.8. All other culture conditions 

remained constant.  

 

On treating chondrocyte/agarose constructs with FN-fs, following 0 or 72 hours of 

equilibration, a significant increase in nitrite release was observed when compared to 

untreated controls (p<0.001, Fig. 6.8A, B). However, constructs subjected to 72 hours of 

equilibration followed by FN-f treatment revealed higher levels of nitrite release (39.59µM), 

compared to those which did not undergo equilibration (15.66µM, p<0.001). Co-incubation 

with lactose did not significantly reduce this catabolic effect in both equilibrated and non-

equilibrated samples (p>0.05, Fig. 6.8A, B).  

 

Unlike constructs which did not undergo equilibration, a significant decrease in GAG 

synthesis was observed on treating chondrocyte/agarose constructs with FN-fs, following a 

72 hour equilibration period (p<0.01, Fig. 6.8C). However, co-incubation of FN-f-treated 

constructs with lactose did not reverse these induced catabolic effects in both equilibrated 

samples and those which did not undergo equilibration (Fig. 6.8). 

 

During tissue digestion, cells are subjected to extreme conditions by the addition of enzymes 

such as pronase and collagenase. These enzymes are capable of not only degrading 

proteins in the surrounding ECM, but are also capable of compromising the cell surfaces to 

some extent. Since FN-fs are known to bind to cell surface receptors for the induction of 

catabolic activities, it is essential for the cell surface to recover from enzyme action following 

tissue digestion. Equilibrating samples allow the cell surface to recover from these extreme 

conditions during enzymatic digestion and also allow cells to stabilize their metabolic 

activities to a state of equilibrium following cell isolation from in vivo conditions. As such, 



Chapter 6 

179 
 

samples which were equilibrated in this study allowed a high affinity of FN-f-cell surface 

binding, compared to non-equilibrated samples, resulting in the induction of higher levels of 

nitrite release when compared to non-equilibrated samples.  

A possible contributing factor to the inability of lactose in inhibiting FN-f-induced catabolic 

activities may have been over-stimulation of the model system by incorporating an extended 

culture period via equilibration of samples, which resulted in higher levels of nitrite 

production in equilibrated constructs when compared to non-equilibrated samples (Kelly et 

al., 2006, Frenkel et al., 1996, Hauselmann et al., 1994, Mauck et al., 2003),. At such high 

levels of nitrite production, it is possible that the lactose present in the culture media was 

rapidly used up by chondrocytes, in an attempt to initiate self-repair processes, since lactose 

is a sugar. As a result, only an insufficient amount of lactose might have been left to bind to 

FN-fs present at the cell surface for the inhibition of FN-f-induced catabolic activities. 

Furthermore, FN-fs do not possess a quick turnover compared to other inflammatory 

molecules such as TNFα. Instead, they follow a positive feedback loop in the induction of 

catabolic activities in vivo, hence allowing them to be more potent compared to inflammatory 

cytokines (Homandberg, Ding and Guo, 2007). As such, this further limited the ability of 

lactose to inhibit FN-f-induced catabolic activities within the 48 hour culture period, 

particularly in equilibrated constructs. In order to eliminate the above limitations and 

enhance the inhibitory effects of lactose, the following solutions were considered: 

 Replenishing the amount of lactose provided to chondrocyte/agarose constructs 

over the 48 hour culture period, following the confirmation through biochemical 

analyses of whether lactose is indeed diminished in the culture media after 48 

hours. 

 

 Examining the dose response effect of FN-fs on chondrocyte/agarose constructs so 

that the optimum concentration at which the fragment still exerts sufficient catabolic 

activity and is inhibited by lactose can be determined. This will be the first ever study 

to examine the dose response effect of FN-fs (29kDa heparin binding FN-fs) derived 

from cathepsin D and thrombin digests of fibronectin from plasma adsorption on 3D 

chondrocyte/agarose constructs. 

 

 Additionally, since significant differences in FN-f-induced nitrite production were 

observed between equilibrated constructs and those (figure 6.8A, B) which did not 

undergo equilibration, subsequent dose response studies were carried out on both 

equilibrated constructs and those without equilibration to examine the differences 

between them.   
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Figure 6.8. Effect of 0 or 72 hours of equilibration on (A) nitrite release and (B) GAG synthesis in chondrocytes treated with FN-f and lactose. Chondrocyte/agarose constructs 

were subjected to either 0 or 72 hours equilibration followed by 48 hours of culture with 1µM FN-fs in the presence or absence of 100mM lactose. The effects were then 

examined on (A) nitrite release and (B) GAG synthesis. Error bars represent the mean and SEM values for 4 replicates from one experiment. (*) p<0.05, (**) p<0.01 and (***) 

p<0.001, indicate significant comparisons between treatment conditions. 
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6.3.3.3 Dose response effect of FN-fs with and without lactose in 

equilibrated chondrocyte/agarose constructs   

 

Chondrocyte/agarose constructs were initially equilibrated in culture under free-swelling 

conditions for 72 hours. Following this, they were cultured with DMEM + 20% FCS 

supplemented with FN-fs at increasing concentrations of 0.25, 0.5, 1 and 2µM in the 

presence and absence of 100mM lactose for a further 48 hours.  The concentration range of 

FN-fs incorporated to examine the dose response effects of the fragment was then altered to 

0.01, 0.1 and 1µM, while keeping all other culture conditions constant, as shown in figure 

6.9.  

 

A significant increase in nitrite production was observed on treating chondrocyte/agarose 

constructs with 0.25, 0.5, 1 and 2µM FN-fs, when compared to untreated controls (p<0.001; 

Fig. 6.9A). However, there were no significant differences in nitrite production between any 

of the FN-f-treated constructs (all p>0.05; Fig. 6.9A). All of the aforementioned 

concentrations of FN-fs induced a marginal decrease in GAG synthesis when compared to 

untreated controls (p<0.05, Fig. 6.9B). Similar to the trend observed in nitrite release, 

significant differences in GAG synthesis were not identified between each concentration of 

FN-f used (all p>0.05; 6.9B). Since a dose-dependent effect of FN-f was not observed in 

figure 6.9, the concentration range of FN-fs incorporated was altered to that shown in figure 

6.10.  

 

The levels of nitrite release were enhanced in chondrocyte/agarose constructs by the 

presence of FN-fs, with a significant increase at 0.01, 0.1 and 1µM, when compared to 

untreated controls (all p<0.001; Fig. 6.10A). A rise in nitrite release was not observed each 

time the concentration of FN-fs was increased by a factor of 10, starting from 0.01µM (all 

p>0.05, Fig. 6.10A). The presence of FN-fs did not significantly influence GAG synthesis at 

any of the concentrations of FN-f used, as shown in figure 6.10B (p<0.05). Co-incubation 

with lactose did not reverse this effect at any of the FN-f concentrations examined (all 

p>0.05; Fig. 6.11A, B).  

 

Although a dose-dependent effect of FN-f is observed in figure 6.10, the inability of lactose 

to significantly inhibit FN-f-induced catabolic activities may have been due to the excessive 

levels of nitrite released, from over-stimulating the system by the incorporation of extended 

culture periods as explained in section 6.3.3.2. Since section 6.3.3.2 revealed significant 

differences between FN-f-treated chondrocytes which were equilibrated and those which 

were not, a similar dose-response study of the effects of FN-fs in chondrocytes was carried 

out in constructs which did not undergo equilibration. This was carried out in order to 

determine whether lower levels of nitrite were induced by FN-fs without equilibrating 
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constructs and if so, whether a significant reduction of this effect can be achieved with 

lactose. 
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Figure 6.9. Dose response effect of FN-fs (0.25 to 2µM) on equilibrated chondrocyte/agarose 

constructs. Chondrocyte/agarose constructs were subjected to 72 hours equilibration followed by 48 

hours of culture with 0.25, 0.5, 1 and 2µM FN-fs. The effects were then examined on (A) nitrite release 

and (B) GAG synthesis. Error bars represent the mean and SEM values for 4 replicates from one 

experiment. (*) p<0.05 and (***) p<0.001, indicate significant comparisons between treatment 

conditions.  
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Figure 6.10. Dose response effect of FN-fs (0.01 to 1µM) on equilibrated chondrocyte/agarose 

constructs. Chondrocyte/agarose constructs were subjected to 72 hours equilibration followed by 48 

hours of culture with 0.25, 0.5, 1 and 2µM FN-fs. The effects were then examined on (A) nitrite release 

and (B) GAG synthesis. Error bars represent the mean and SEM values for 4 replicates from one 

experiment. (*) p<0.05 and (***) p<0.001, indicate significant comparisons between treatment 

conditions.  
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Figure 6.11. Dose response effect of FN-fs in equilibrated chondrocytes treated with lactose. 

Chondrocyte/agarose constructs were subjected to 72 hours of equilibration, followed by 48 hours of 

culture with varying concentrations of FN-fs (0.01 to 1µM) and/or 100mM of lactose and the effects 

were examined on (A) nitrite release and (B) GAG synthesis. Error bars represent the mean and SEM 

values for 4 replicates from one experiment. (*) p<0.05 and (***) p<0.001, indicate significant 

comparisons between treatment conditions. 
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6.3.3.4 Dose response effect of FN-fs in chondrocyte/agarose constructs 

treated with lactose without equilibration 

 

Chondrocyte/agarose constructs were directly cultured under free-swelling conditions, 

without equilibration, for 48 hours with DMEM + 20% FCS, supplemented with FN-fs at 

increasing concentrations of 0.01, 0.1, and 1µM in the presence and absence of 100mM 

lactose, as shown in figure 6.12. 

 

A significant increase in nitrite production was observed on treating chondrocyte/agarose 

constructs with 0.01, 0.1, and 1µM FN-fs, when compared to untreated controls (p<0.001, 

Fig. 6.12A). A dose dependent effect of FN-fs on nitrite production was also observed, (Fig. 

6.12A) such that upon increasing the concentration of FN-fs by a factor of 10, a partial 

increase in nitrite production was observed each time (all p<0.01, Fig. 6.12A). Co-incubation 

with lactose reversed FN-f-induced nitrite production at each concentration of FN-f 

examined, with maximum inhibition observed at 0.01µM (p<0.001, 43.83%) when compared 

to 0.1 or 1µM FN-fs (both p<0.01, 36.64% and 32.23% respectively; Fig. 6.12A). The 

presence of FN-fs significantly reduced GAG synthesis at all of the concentrations of FN-f 

examined (p<0.01; 6.12B).   

 

The inhibition of FN-f-induced nitrite production with lactose at all the concentrations of FN-f 

examined (Fig. 6.12) was in correlation with the decrease in nitrite release observed (>30% 

inhibition) in chondrocyte/agarose constructs treated with FN-fs in the presence of 100mM 

lactose (Fig. 1.27, Drs Parker and Peake; unpublished). Based on nitrite release and GAG 

synthesis observed in figure 6.12, 0.01µM was considered the optimum concentration 

required for FN-fs to induce catabolic activities in chondrocyte/agarose constructs. At this 

concentration, a significant increase in nitrite release was observed when compared to 

untreated controls (Fig. 6.12). Additionally, 0.01µM did not induce any anabolic activities, 

evident from the GAG synthesis, as shown in figure 6.12B. This observation however, does 

not correlate with previous studies which examined the dose-response effect of FN-fs on the 

anabolic and catabolic activities of chondrocytes in cartilage explants (Homandberg et al., 

1994, 1996, 1997, 1998, 2007). It is worth noting that the range of concentrations of FN-fs 

employed in these studies was similar to one another. 1µM of FN-fs was initially used in this 

experiment, since previous studies which examined the dose response effects of these FN-

fs in cartilage explants revealed that concentrations less than 1µM induced anabolic or 

delayed catabolic responses which were later reversed to catabolic effects (Homandberg 

and Hui, 1994, Homandberg and Wen, 1998, Homandberg et al., 1996, Homandberg et al., 

1997).  Also, studies which employed synthetic 30kDa NH2-heparin-binding FN-fs (Sigma-

Aldrich, Poole, UK) to induce catabolic effects in 3D porcine chondrocyte/agarose 

constructs, similar to the one described in this thesis, employed 1µM of FN-fs (Chowdhury et 

al., 2010).  
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Figure 6.12. Dose response effect of FN-fs in chondrocytes treated with lactose without equilibration. 

Chondrocyte/agarose constructs were subjected to 0 hours of equilibration, followed by 48 hours of 

culture with varying concentrations of FN-fs (0.01 to 1µM) and/or 100mM of lactose and the effects 

were examined on (A) nitrite release and (B) GAG synthesis. Error bars represent the mean and SEM 

values for 4 replicates from one experiment. (*) p<0.05, (**) p<0.01 and (***) p<0.001, indicate 

significant comparisons between treatment conditions.  
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Furthermore, a study which incorporated a 3D bovine chondrocyte/agarose model identical 

to the one used in this thesis, together with FN-fs from the same source (derived from 

cathepsin D and thrombin digests) used 1µM of FN-fs to stimulate a catabolic effect in 

chondrocytes (Parker et al., 2013). However, it is worth noting that the latter study which 

incorporated 3D chondrocyte/agarose models did not examine the dose response effect of 

these FN-fs in the 3D model, suggesting that the effects of using concentrations of FN-fs 

less than or greater than 1µM in the 3D cell-seeded models were still unknown, unlike 

cartilage explants (Homandberg et al., 1994, 1996, 1997, 1998). The importance of 

investigating the dose response effect instead of completely relying on the observations 

obtained from cartilage explant models is because the findings from explant model systems 

and those from 3D biomaterial constructs may differ, as both models are associated with 

different limitations. For example, in explant models it is problematic to separate the 

contribution of multiple physiochemical and mechanical alterations present in the model 

which regulate cell function and intracellular pathways, unlike 3D biomaterial model systems 

(Bader et al., 2011). Furthermore, differences in the source of FN-fs may contribute to 

variations in results obtained.  

 

Furthermore, on comparing the dose response effects of FN-fs in chondrocyte/agarose 

constructs which were equilibrated for 72 hours (Fig. 6.10, 6.11) to those which were not 

(Fig. 6.12), it was observed that these results were in correlation, suggesting that 

equilibrating chondrocyte/agarose constructs has a significant impact on the effects of 

lactose on FN-f. The partial inhibition of FN-f-induced nitrite production with lactose in 

equilibrated samples (Fig. 6.12) when compared those which were not, may have been due 

to the reduced levels of nitrite released observed in equilibrated samples, by eliminating the 

equilibration of constructs (Kelly et al., 2006, Frenkel et al., 1996, Hauselmann et al., 1994), 

as explained in section 6.3.3.2. As such subsequent experiments examining the effects of 

lactose on FN-fs was carried out without the equilibration of chondrocyte/agarose constructs.   

 

The partial inhibition of FN-f-induced catabolic effects with the employment of lactose 

suggests the presence of SGAL/EBP signalling, since lactose is a known inhibitor of the 

sequence XGXXPG, binding to the SGAL receptor or EBP (Hinek and Rabinovitch, 1994, 

Hinek et al., 1988, 1991, 1993, Hinek and Wilson, 2000, Wachi et al., 2004, Mecham et al., 

1989a, 1989b, 1991, Privitera et al., 1998, Blanchevoye et al., 2013). Data from figure 6.12 

also suggests that FN-fs induce signalling cascades through the SGAL receptor or EBP.  In 

order to investigate whether FN-f-induced SGAL signalling pathway in chondrocytes is 

influenced by the inherent low oxygen tension of articular cartilage, the effects of oxygen 

tension on the response of FN-fs to lactose in chondrocyte/agarose constructs was 

examined, as detailed in section 6.3.4. However, prior to this, a dose response study on the 

effects of lactose on FN-fs in chondrocytes was carried out in order to optimize the 
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concentration of lactose required to inhibit FN-f-induced catabolic activities, as explained in 

the following section. 

 

6.3.3.5 Dose response effect of lactose in FN-f-treated 

chondrocyte/agarose constructs 

 

Upon establishing the optimum culture conditions and concentration of FN-fs required to 

induce catabolic activities in chondrocyte/agarose constructs (Fig. 6.12), the dose response 

effect of lactose on chondrocyte/agarose constructs treated with 0.01µM of FN-fs was 

examined, in order to determine whether a lower concentration of lactose can be used to 

induce anabolic responses similar to those induced by 100mM of lactose.   

 
Chondrocyte/agarose constructs were directly cultured under free-swelling conditions, 

without equilibration for 48 hours with DMEM + 20% FCS, supplemented with lactose at 

increasing concentrations of 1, 10 and 100mM in the presence and absence of 0.01µM of 

FN-fs, as shown in figure 6.13. 

 
Enhanced levels of nitrite production were observed in chondrocyte/agarose constructs 

treated with 0.01µM FN-fs when compared to untreated controls (p<0.001), as shown in 

figure 6.13A. Co-incubation with lactose did induce a significant inhibition in FN-f-induced 

nitrite release at any of the concentrations of lactose examined (p>0.05).  However, when 

compared to 1 and 10mM of lactose, 100mM of lactose induced the most inhibition in nitrite 

release stimulated by FN-fs. Also, the presence of FN-fs did not induce significant effects on 

GAG synthesis (p>0.05; Fig. 6.13B). 

 
These results suggest that the optimum concentration of lactose required for the inhibition of 

FN-f-induced catabolic activities is 100mM. As such, subsequent studies examining the 

effects of lactose in chondrocyte/agarose constructs employed 100mM of the solution to 

inhibit 0.01µM FN-fs in chondrocyte/agarose constructs which were not subjected to 

equilibration.  
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Figure 6.13. Effect of varying concentrations of lactose on (A) nitrite release and (B) GAG synthesis in 

chondrocytes treated with 0.01µM FN-f. Chondrocyte/agarose constructs were subjected to 0 hours of 

equilibration, followed by 48 hours of culture with varying concentrations of lactose (1 to 100 mM) 

and/or FN-fs (1µM) and the effects were examined on (A) nitrite release and (B) GAG synthesis. Error 

bars represent the mean and SEM values for 4 replicates from one experiment. (***) p<0.001, indicate 

significant comparisons between treatment conditions.  
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6.3.4 Effect of 21, 5 and 2% oxygen tension on the response of 

FN-fs to lactose 

 

Upon establishing the optimum culture conditions and the optimum concentration of FN-fs 

and lactose required for the induction of FN-f-induced catabolic activities in 

chondrocyte/agarose constructs, the effect of hypoxia on the response of FN-fs to lactose 

was examined.  

 

Chondrocyte/agarose constructs treated with 0.01µM of FN-fs in the presence and absence 

of 100mM of lactose under free-swelling conditions at 21, 5 and 2% oxygen tensions in a 

glove-box style workspace integrated within a Biospherix incubator to ensure that the 

experimental conditions during set-up and experimentation were uninterrupted, as previously 

described (Parker et al., 2013). 

 

Figure 6.14 shows the nitrite release and GAG synthesis in chondrocyte/agarose constructs 

when treated with 0.01µM FN-fs in the presence and absence of 100mM lactose at 21, 5 

and 2% oxygen tensions. A significant increase in nitrite release was observed in 

chondrocyte/agarose constructs treated with FN-fs, when compared to untreated controls, at 

21, 5 and 2% oxygen tensions (Fig. 6.14A). Co-incubation with lactose resulted in a marginal 

decrease of this effect at 21 and 2% oxygen tensions, with maximum inhibition of FN-f-

induced nitrite production observed at 5% oxygen tension. The presence of FN-fs had no 

significant effect on GAG synthesis as shown in figure 6.14B.   
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Figure 6.14. Effect of hypoxia on the response of FN-fs to lactose. Chondrocyte/agarose constructs 

were cultured for 48 hours with 0.01µM of FN-fs in the presence or absence of 100mM lactose at 21, 5 

and 2% oxygen tensions and the effects were examined on (A) nitrite release and (B) GAG synthesis. 

Error bars represent the mean and SEM values for 4 replicates from one experiment. (*) p<0.05, (**) 

p<0.01 and (***) p<0.001, indicate significant comparisons between treatment conditions.  
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6.3.5 Effect of dynamic compression on the response of the 

VGVAPG peptide to lactose at 21 and 5% oxygen tensions 

 
Since FN-fs enhanced nitrite production with a greater effect at 5% oxygen tension when 

compared to 2% oxygen tension, 5% oxygen tension was considered to be the optimum 

oxygen tension for FN-fs to induce significant catabolic activities in chondrocyte/agarose 

constructs. As such, in order to determine whether the response of chondrocytes to 

VGVAPG peptides and biomechanical signals will be influenced by oxygen tension, the 

present study examined the effects of dynamic compression (15%, 1Hz) on the response of 

10µg/ml of VGVAPG peptides to 100mM lactose at 21 and 5% oxygen tensions in 

chondrocyte/agarose constructs. 

 

Figure 6.15 shows the nitrite production (A) and GAG synthesis (B) in chondrocyte/agarose 

constructs subjected to dynamic compression and treated with the VGVAPG peptide in the 

presence and absence of lactose at 21 and 5% oxygen tensions. In the absence of the 

VGVAPG peptide, dynamic compression significantly reduced NO production at both 21% 

and 5% oxygen tensions. In unstrained constructs, the VGVAPG peptide enhanced nitrite 

production with a marginally greater effect at 5% oxygen tension, when compared to 21% 

oxygen tension and this response was significantly reduced with dynamic compression.  

 

GAG synthesis was increased by dynamic compression when compared to unstrained 

controls. The magnitude of GAG synthesis was relatively similar at both 5% and 21% 

oxygen tensions on the application of dynamic compression. At both oxygen tensions, the 

VGVAPG peptide decreased GAG synthesis. Dynamic compression reversed this effect, 

with the magnitude of stimulation at 5% and 21% oxygen tensions being relatively similar to 

one another. Co-stimulation with dynamic compression and lactose increased GAG 

synthesis with the magnitude of stimulation by dynamic compression greater at 21% oxygen 

tension when compared to 5% oxygen tension.  
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Figure 6.15. Effect of the VGVAPG peptide and lactose on chondrocyte/agarose constructs subjected 

to dynamic loading at 21 and 5% oxygen tensions. Dynamically loaded chondrocyte/agarose 

constructs were treated with 10µg/ml of the VGVAPG peptide in the presence and absence of 100mM 

lactose for 48 hours at 21 and 5% oxygen tensions and the effects were examined on (A) nitrite 

release and (B) GAG synthesis. Error bars represent the mean and SEM values for 4 replicates from 

one experiment. (*) p<0.05, (**) p<0.01 and (***) p<0.001, indicate significant comparisons between 

treatment conditions.  
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6.4 Discussion 
 

6.4.1 Effect of NT telopeptides on the production of catabolic and 

anabolic mediators in chondrocyte/agarose constructs 

cultured at 21, 5 and 2% oxygen tension 

 

On initially treating chondrocyte/agarose constructs with 3µM of NT telopepties, a catabolic 

response was not induced, evident from minimal levels of nitrite release as shown in figure 

6.4. This was further manifested by the use of the positive control, TNFα, which stimulated 

enhanced levels of nitrite release in chondrocyte/agarose constructs when compared to 

untreated controls and NT telopeptide treated samples (Fig. 6.14). It was assumed that such 

an effect may have been due a lower concentration of NT telopeptides used, since previous 

studies which examined the dose response effect of synthetic NT telopeptides in agarose 

constructs seeded with porcine chondrocytes showed that the concentration of peptides 

required to induce maximum catabolic effects was 50µM (Chowdhury et al., 2010). 3µM of 

NT telopeptides was used since other studies which examined the dose-response effect of 

synthetic NT teloeptides on chondrocytes, demonstrated an induction of catabolic activities, 

such as enhanced proteoglycan loss, on using this concentration of the peptides. However, 

it is worth noting that cartilage explants and chondrocyte monolayer cultures were used in 

these studies, unlike the present study, which may account for differences in the results 

obtained (Guo, Ding and Homandberg, 2009). Additionally, studies which incorporated rabbit 

surgical models of OA observed an increase in the levels of collagen fragments in the 

synovial fluid to about 3µM (6µg/ml, Felice, Chichester and Barrach, 1999). As such, the 

concentration of synthetic NT telopeptides incorporated to induce a catabolic effect in 

chondrocyte/agarose constructs was increased from 3µM to 50µM. However, increasing the 

concentration of NT telopeptides used still did not induce any catabolic effects on culturing 

chondrocyte/agarose constructs for a 48 hour culture period. As such, attention was focused 

on the properties of the NT telopeptide, its method of synthesis and the 3D model used for 

this study, which might be contributing factors to obtaining such results. Each factor has 

been discussed further in the sections below:  

 

6.4.1.1 Model system and species of chondrocytes used 

 

The species of chondrocytes used in the present study were not a contributing factor to the 

inability of the synthetic NT telopeptides to induce catabolic activities. This was so because 

previous studies which employed synthetic NT telopeptides of the same sequence, did not 

encounter any differences in the effects of the peptides, with respect to the species of 

chondrocytes used (Jennings et al., 2001, Chowdhury et al., 2010, Guo, Ding and 

Homandberg, 2009).  
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Similarly, the model system employed in this study was also not a contributing factor to the 

results obtained, since a similar model system made of 3% agarose type VII, resulting in the 

same pore size was previously used to study the effects of the 10kDa synthetic NT 

telopeptides on chondrocytes (Chowdhury et al., 2010). 

 

6.4.1.2 NT telopeptide synthesis 

 

Lyophilised form of the NT telopeptides, of >95% purity were synthesized by Laboratoire de 

Biotechnologie (Luxembourg S.A), using analytical high-performance liquid chromatography 

(HPLC) analysis. Briefly, the technique involves the separation, identification and 

quantification of each component of a solvent mixture by passing pressurized liquid solvent 

through a column filled with adsorbent material. Based on the different properties of each 

component of the liquid solvent, the absorbent material reacts differently to each component 

resulting in the separation of each component from different flow rates being generated 

through the column. The sequence chosen to carry out this study (section 6.2.1) has been 

well documented to correspond to the amino-terminal region of collagen type II for the 

stimulation of catabolic activities in chondrocytes in both 2D and 3D model systems 

(Jennings et al., 2001, Chowdhury et al., 2010, Lucic et al., 2003, Guo, Ding and 

Homandberg, 2009). Peptides were synthesized in a lyophilized form, since they are highly 

stable at room temperature in this form. During synthesis of the NT telopeptides, H and OH 

bonds were also added to the N- and COOH-terminals of the peptide respectively, in order 

to further maintain the stability of the peptide in its lyophilised form, since the first amino acid 

in the N-terminus of our required peptide was glutamine (Q or Gln), which is normally prone 

to undergo cyclization, converting it to pyroglutamine together with an overall shift in mass of 

the peptide (ThermoFisher Scientific, Loughborough, UK; Laboratoire de Biotechnologie, 

Luxembourg S.A; LifeTein LLC, Somerset, New Jersey, US). To examine the effects of 

50µM of the NT telopeptides, a second batch of NT telopeptides were synthesized in a 

similar manner by LifeTein LLC (Somerset, New Jersey, US), while keeping all specifications 

of peptide synthesis constant.  

 

6.4.1.3 Peptide preparation prior to chondrocyte treatment 

 

Since both batches of synthesized peptides were hydrophobic due to the presence of many 

proline (P or Pro), leucine (L or Leu) and glycine (G or Gly) amino acids, resulting in an 

overall zero charge, these peptides were initially dissolved in 2% DMSO, an organic solvent, 

followed by diluting them in PBS in a drop wise manner to achieve a final concentration of 

1mg/ml, according to manufacturers’ instructions (Laboratoire de Biotechnologie, 

Luxembourg S.A; LifeTein LLC, Somerset, New Jersey, US). Alternative organic solvents 

suggested for dissolving the peptides included propanol, methanol as well as 



Chapter 6 

196 
 

dimethylformamide (DMF) at <5% (V/V) in order to achieve 100% solubility and prevent 

cytotoxicity, upon treatment of chondrocytes. However, since our peptide did not have 

cysteine in its sequence, it was not required to be dissolved in DMF. Another essential factor 

which was taken into consideration during preparation of the peptides for the stimulation of 

chondrocytes seeded in agarose constructs was the presence of methionine in the peptide 

sequence, which is generally known to be prone to oxidization into methionine sulfone, 

which may also cause an overall mass shift of the peptide. In order to avoid this, when 

solubilizing the peptides, it was essential that the peptide solution was not agitated. Instead, 

DMSO was added to the peptides at a slow rate, in a drop wise manner (ThermoFisher 

Scientific, Loughborough, UK; Laboratoire de Biotechnologie, Luxembourg S.A; LifeTein 

LLC, Somerset, New Jersey, US). Once the lyophilised peptides were converted into 1mg/ml 

of DMSO/PBS solution, it was further diluted to 3µM or 50µM with DMEM + 20% FCS, for 

chondrocyte treatment. The resulting solution was then filtered to maintain sterility of the 

peptides and prevent chondrocytes from being infected upon treatment. This was done 

despite a >95% purity was achieved during peptide synthesis since the recommended 

period of culturing these peptides, without filtration was 2-3 days (Laboratoire de 

Biotechnologie, Luxembourg S.A). Following this, the peptide solution was then stored at -

80ºC.   

 

Following manufacturer’s instructions in the preparation of the NT telopeptides for 

chondrocyte stimulation did not result in any catabolic activities being induced, even when 

the concentration of peptides being employed was increased from 3 to 50µM. As such, 

authors who examined the effects of these peptides were consulted for further information. 

In studies performed by Guo, Ding and Homandberg (2009), preparing synthetic NT 

telopeptides (Sigma Genosys, St. Louis, MO) for the stimulation of catabolic activities in 

cartilage explants and chondrocyte monolayer cultures, involved initially dissolving these 

peptides in sterile 1x PBS to achieve a concentration of 10mg/ml. The dissolved peptides 

were then dialyzed in benzoylated dialysis tubing with a molecular weight cutoff (MWCO) of 

1.2 to 2.0kDa (Sigma Genosys, St. Louis, MO) firstly against 1x PBS (V:V = 1:100) followed 

by DMEM (V:V = 1:100) at 4ºC, over a 72 hour period. The dialysis PBS was changed twice 

before being switched to DMEM. The major difference between this technique of peptide 

preparation and that carried out in the present study was subjecting the peptides to dialysis, 

as dialysis removed the salts presented during peptide synthesis and equilibrated the 

peptide solution with culture media. It was also a necessary step to ensure that the effect on 

cultures was only from peptides and not from something unknown.    
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6.4.2 The effect of lactose on FN-fs is oxygen-sensitive and 

enhanced under hypoxic conditions 

 

In this thesis studies examining the effects of the 29kDa NH2-heparin-binding FN-fs were 

carried out with a low n value of 4, due to the limited availability of the fragments, which were 

a generous gift from the late Gene Homandberg and the insufficient expertise and resources 

to derive them from bovine plasma in the host laboratory. Results from figure 6.14A are in 

agreement with previous findings which showed the induction of greater catabolic activities 

at 5% oxygen tension when compared to 21% oxygen tension in the presence of FN-fs. This 

effect was associated with the suppression of matrix synthesis (Fig. 6.14B) which was not 

significantly influenced by oxygen tension. A similar response was observed in bovine 

chondrocyte monolayer cultures, treated with IL-1β which resulted in enhanced levels of NO 

produced at 5% oxygen tension when compared to 1 or 21% oxygen tension (Mathy-Hartert 

et al., 2005). Although the effect of oxygen tension on FN-fs has previously been examined 

in chondrocytes in the presence of the NOS inhibitor, L-NIO, this is the first study to show 

that the effect of lactose on FN-fs is oxygen-sensitive and enhanced under hypoxic 

conditions. However, studies which have examined the combined effect of oxygen tension 

and cytokines on the metabolic activities of chondrocytes have resulted in variable 

outcomes. For example, porcine explants treated with TNFα or IL-1α revealed increased 

levels of NO production at 20% oxygen tension when compared to 1% oxygen tension 

(Cernanec et al., 2002). Conversely, a decrease in MMP-9, oxidative stress and HIF-1α was 

observed in chondrocytes treated with cytokines at 6% oxygen tension when compared to 

ambient conditions (21% oxygen tension, Lawyer, Tucci and Benghuzzi, 2012). 

 

During OA disease process, an upregulation in the expression of HIF-1α has been 

observed. It has also been shown that HIF-1α is oxygen-sensitive and as such, possesses 

the potential for the development of therapeutic strategies for the treatment of OA. Examples 

of other oxygen-sensitive mediators which can be used as therapeutic targets for OA include 

MAPK and NF-κβ which have been shown to be involved in the increase of NO release in 

cytokine-treated samples at 5% oxygen tension (Mathy-Hartert et al., 2005, Grimshaw and 

Mason, 2000, Martin et al., 2004). Collectively, these studies emphasize the importance of 

oxygen tension in the inflammatory response of chondrocytes and that further investigations 

should be carried out to examined the how the signalling cascades induced by FN-fs and 

lactose interplay with oxygen tension.   

 

 

 

 

 

  



Chapter 6 

198 
 

6.4.3 The effect of dynamic compression on the response of the 

VGVAPG peptide to lactose is oxygen-independent  

 

From figure 6.15, it was observed that whilst lactose reduced peptide-induced nitrite 

production in unstrained constructs, treatment with lactose alone did not lead to the 

restoration of GAG synthesis. The response of dynamic loading, on the other hand, was 

found to be oxygen-independent, such that dynamic compression alone resulted in a greater 

reduction in peptide-induced catabolic effects, at both 21 and 5% oxygen tension. This effect 

was shown to be associated with GAG synthesis (Fig. 6.15B). This is the first study to 

examine the combined effects of oxygen tension and dynamic compression on the 

suppression of the catabolic effects induced by the VGVAPG peptide. It has been well 

documented that oxygen tension and mechanical loading has an implication on the 

inflammatory response of chondrocytes.  Results from figure 6.15, suggests the presence of 

the XGXXPG sequence in FN-fs, as lactose was able to successfully inhibit the VGVAPG 

peptide, which correlates with a previous study which examined the inhibitory effects of 

lactose on the VGVAPG peptide (Blanchevoye et al., 2013). This data is also in agreement 

with results from Chapters 4, which showed that cytokine-induced catabolic activities were 

reduced on subjecting chondrocyte/agarose constructs to mechanical loading at both 21% 

and 5% oxygen tensions. The results from figure 6.15 are also in correlation with those from 

a study in which dynamically stimulated chondrocyte/agarose constructs were treated with 

FN-fs in the presence and absence of L-NIO, at both 21% and 5% oxygen tension. From the 

study, it was observed that FN-f-induced catabolic activities were reduced by dynamic 

compression in an oxygen independent manner (Parker et al., 2013). Collectively, these 

results emphasize the oxygen-dependency of the response of chondrocytes to FN-fs or its 

XGXXPG sequence and lactose, and suggest that further studies should be carried out to 

examine the interplay of FN-fs, lactose and oxygen tension, together with dynamic 

compression to identify potential targets for OA therapy.   
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7.1 Introduction 

 

The present thesis has examined the dose response effect of TNFα in chondrocytes seeded 

in 3D agarose constructs, in addition to elucidating the signalling pathway through which FN-

fs induce catabolic activities. The effect of hypoxia on the metabolic activities of 

chondrocytes, in response to these inflammatory agents was then examined, in addition to 

whether the induced inflammatory response was influenced by mechanical stimuli. These 

studies employed a well-documented loading modality to enhance matrix synthesis in in vitro 

models to interrogate the hypotheses most conveniently listed below.  

 

 TNFα dose-dependently increases the production of catabolic mediators in 

chondrocytes, with effects, which are further enhanced under hypoxic conditions.  

 

 Dynamic compression and/or L-NIO reduces TNFα-induced catabolic effects at both 

21% and 5% oxygen tensions. 

 

 Dynamic compression induces greater GAG synthesis at 21% oxygen tension when 

compared to that expressed at 5%. 

 

 FN-fs induce catabolic activities in chondrocytes through SGAL/EBP receptors, due 

to the presence of the XGXXPG amino acid sequence, which is influenced by both 

hypoxia and mechanical stimuli.  

 

 NT-telopeptides induce catabolic activities in chondrocytes, which are then 

reduced/abolished in the presence of NOS and COX inhibitors.  

 

Some of the experimental methods to interrogate these hypotheses required optimisation 

through a series of trial and error procedures. The materials and methods employed in order 

to achieve the aims and objectives of the present study has been summarised in the flow 

chart illustrated in figure 7.1. 
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Fig. 7.1. Flow chart illustrating the test protocols employed to achieve the aims and objectives of the 

present study (UT denotes untreated constructs). 
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7.2 Model System 

 

As a scaffold material, agarose proved to be highly appropriate for the development of the 

3D model system in order to address the aims and objectives of the present study. Indeed, 

its pore size allowed the effective diffusion of the pro-inflammatory cytokine, TNFα, allowing 

its dose response effects to be successfully examined on chondrocyte metabolism 

(Aydelotte et al., 1992). Similarly, the effects of the other inflammatory and inhibitory agents 

could be examined. These included FN-fs, NT-telopeptides, L-NIO and NS-398. However, 

upon examining the effects of lactose on FN-f-induced catabolic activities, difficulties were 

encountered in generating an inhibitory effect, which may have been as a result of the large 

molecular weight of lactose, that is 360Da, preventing it from effectively diffusing through the 

pores of the scaffold, as discussed in section 6.3.2. It is fully accepted that the homogenous 

agarose model differs from the complex constituents and architecture of native cartilage 

ECM, as discussed in section 2.1.1. Indeed the associated chondrocytes do not bind to 

agarose as in native ECM within the pericellular region. This will clearly influence the 

manner in which the mechanical signals will be transduced to the surface of chondrocytes. 

Nevertheless, chondrocytes seeded in 3D agarose constructs presents a robust 

mechanically stable system and provides an ideal model system in which the effects of 

discrete changes in input parameters can be examined selectively in the light of well-defined 

output parameters. 
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7.3 Test Equipment 

 

By employing the cell straining system described in section 2.4, the effect of dynamic 

compression was successfully examined on the metabolic activities of chondrocytes 

stimulated with TNFα in agarose constructs. It is worth noting that the applied loading 

regimen was prescribed to be within physiological levels, with a strain amplitude of 0-15%, 

using a sinusoidal waveform at a frequency of 1Hz, subsequently resulting in 600 to 4800 

duty cycles during a 6 to 48 hour culture period. Another benefit of the system was the 

design of the pin holder plate which incorporated 24 light-weight stainless steel loading pins 

(each pin of mass 2g), thereby allowing 24 constructs to be strained simultaneously within 

individual wells of a 24-well plate without damage or permanent deformation. The design 

also enabled individual constructs to be periodically supplemented with culture media, via 

the use of a syringe and right-angled needle, enabling the examination of a range of 

inflammatory and inhibitory reagents on chondrocyte metabolism. Additionally, the presence 

of a Perspex box enclosing the entire set-up allowed the maintenance of sterility throughout 

the 6 or 48 hour culture period.  

 

Furthermore, the compact size of the cell straining apparatus allowed it to be integrated 

within the Biospherix incubator (Fig. 2.4), which permitted the effects of various oxygen 

tensions to be studied in chondrocyte/agarose constructs subjected to both dynamic 

compression and free swelling conditions. The Biospherix incubator was successfully utilized 

in achieving this purpose, by ensuring that experimental conditions remained uninterrupted 

during the setup of each experiment.   
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7.4 Biochemical and molecular analysis  

 

Upon completion of the various treatment conditions, standard biochemical assays including 

DMB, Hoescht, Griess, PGE2 ELISA and fluorogenic substrate assay, as well as RT-qPCR 

were performed in order to quantify both anabolic and catabolic markers. Although agarose 

has been shown to be amenable for analysing cell proliferation, GAG synthesis, nitrite and 

PGE2 release, certain limitations were associated with some of these biochemical assays.  

 

Indeed, the Griess assay estimated nitric oxide production by spectrophotometrically 

quantifying its derivative nitrite in the culture media.  However, one of the limitations 

associated with this assay is the lack of sensitivity and ability to detect nitrate levels in the 

culture supernatant. As such, nitrate must first be converted into nitrite for total nitrite 

production to be quantified (Marzinzig et al., 1997). Nevertheless, nitric oxide can form 

numerous nitrogen intermediates, including peroxynitrite and nitrosothiols, which would need 

to be identified and measured in order to accurately quantify nitric oxide production. 

Additionally, the detection of nitrite is limited to values between 1 and 4μM, which constitutes 

approximately 20% of the total nitric oxide production (Fermor et al., 2001). However, the 

Griess assay assumes that the ratio of nitrite to nitrate remains constant. 

 

To the author’s knowledge, this study represents the first in which MMP activity was 

quantified in 3D chondrocyte/agarose constructs using a fluorogenic substrate assay. As 

such, the assay had to be developed and optimized through a series of trial and error 

procedures, as described in section 2.5.5. It should be accepted, however, that the 

optimization of the assay was performed only on culture supernatants, according to 

manufacturer’s instructions. Since MMPs are synthesized by chondrocytes seeded within 

the agarose constructs, it might be predicted that MMPs will also be present within the 

construct. This could have been examined following enzymatic digestion of 

chondrocyte/agarose constructs using agarose and papain, as described in section 2.2.5. 

The standard method for estimating MMP concentration would have involved developing a 

standard curve of fluorescence activity with time. This enables comparison of MMP activity 

from one study to another. However, the approach adopted in the present study did not 

involve the development of a standard curve, rendering it difficult to compare to other studies 

analysing MMP activity. This is particularly so in the case of studies which incorporate 

substrate buffer solutions designed to quantify the activity of different types of MMPs. 

Nevertheless, this proved a simple, cheaper and reliable approach. From section 5.4, it was 

observed that agarose may not be the ideal model system for analysing the gene expression 

of tissue remodelling markers using qRT-PCR, as limited protein/mRNA purity was obtained 

due to interference of the scaffold material. Notwithstanding this limitation, the assay was 

optimized through a series of incremental stages in order to enhance protein/mRNA 

purification for the analysis of ADAMTS-5 and MMP-13 gene expression in 

chondrocyte/agarose constructs.  
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7.5 Scientific findings 

 

The strategies undertaken for elucidating cartilage mechanotransduction pathways over the 

last few decades have progressed remarkably, starting with analysing the overall response 

of cartilage tissue upon stimulation with mechanical loading, to incorporating 3D cell seeded 

model systems (Buschmann et al., 1992, 1995; Lee and Bader, 1997). Attention was 

particularly focused on the changes observed in chondrocyte metabolism, upon the 

application of external loads of varied strains and frequencies. However, more recently, 

interest has been diverted to examining the intracellular signalling cascades which take 

place upon stimulation with mechanical loading, which subsequently influence biochemical 

parameters such as GAG synthesis and cell proliferation. In the present work, specific 

biochemical and mechanotransduction pathways through which dynamic compression 

changes the production of catabolic and anabolic mediators have been described in the 

following section. Additionally, the effect of dynamic compression on the regulation of mRNA 

corresponding to tissue remodelling mediators at a molecular level has also been reported. 

The purpose of conducting this work was to provide a critical knowledge of both the 

intercellular and intracellular mechanisms associated with dynamic compression.  

 

 

7.5.1 The effect of TNFα and the NOS inhibitor, L-NIO on NO 

production  

 

The main principles associated with NOS isoforms, is that constitutively synthesized NOS 

(cNOS) isoforms are essential in the regulation of most physiological processes, whereas 

inducible NOS isoforms (iNOS) act as mediators in inflammatory environments. It has long 

been speculated that NO may have both beneficial and detrimental effects. For instance, 

while the inhibition of NO has resulted in cartilage degradation in some inflammatory 

models, inhibition of the free radical in other models has led to the induction of beneficial 

outcomes (Willoughby et al., 2000). Nevertheless, the detrimental effects of NO are only 

expressed when it is produced in large concentrations by iNOS (Martel-Pelletier and 

Pelletier, 2010). On the other hand, its beneficial outcomes are revealed, when the free 

radical is produced in relatively lower concentrations by cNOS. This hypothesis was 

examined in Chapter 3 which demonstrated a dose-dependent increase in nitrite production 

on stimulating chondrocyte/agarose constructs with TNFα at concentrations ranging from 0.1 

to 100ng/ml (Fig. 3.1). These results were in concert with previous findings which 

demonstrated an upregulation in iNOS expression in chondrocytes treated with 

lipopolysaccharide (LPS), TNFα and IL-1β, which led to an enhanced NO production and 

cell apoptosis (Maier et al., 1994, Blanco et al., 1995). Similarly, TNFα has been observed to 

increase NO levels as well as superoxide production in both OA synoviocytes and 
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chondrocytes (Ahmadzadeh et al., 1990, Maier et al., 1994). Indeed, chondrocyte alginate 

beads and monolayer cultures treated with TNFα revealed an upregulation in iNOS 

expression and NO release, with a consequent decrease in aggrecan synthesis (Goodstone 

and Hardingham, 2002, Schuerwegh et al., 2003, Rai et al., 2008). Chondrocyte/agarose 

constructs treated with a combination of TNFα, IL-1 and LPS also resulted in elevated levels 

of NO production (Stadler et al., 1991). On treating the constructs with L-NMA, an inhibitor of 

all the isoforms of NOS, an inhibition in NO production was observed. Co-stimulation with 

the NOS substrate, L-arginine, however, resulted in an increase in NO synthesis. 

Interestingly, in the absence of L-NMA, L-arginine inhibited the synthesis of NO. From this 

study, it was suggested that the NOS enzyme may have a high binding affinity to its 

substrate. Additionally, L-NMA is well known to influence the transfer of L-arginine into the 

cell, which may account for the inhibition in NO production by chondrocytes when co-

stimulated with the NOS substrate (Forray et al., 1995). NO synthesis has also been 

demonstrated in a wide range of species. For example, the initial identification of NO 

production involved the treatment of monolayer cultures of human chondrocytes with a 

variety of cytokines, including TNF, IL-1 and LPS (Palmer et al., 1993). Furthermore, 

synthesis of the inflammatory mediator has been shown to be dependent on the 

concentration and type of cytokine with which cells are stimulated. Co-stimulation of 

chondrocytes with the NOS inhibitor, L-NIO, abolished the cytokine-induced NO production, 

confirming that NO was synthesised by the NOS enzyme. Similar observations were made 

in OA joints on the selective inhibition of iNOS, which resulted in a reduction in the 

symptoms of inflammation and biomechanical abnormalities (Pelletier et al., 1999, Pelletier 

et al., 1996).  

 

Additionally, TNFα was shown to induce the production of PGE2 in a dose-dependent 

manner (Fig. 3.2). The response was then partially inhibited upon co-stimulation with L-NIO, 

implying that the induction of PGE2 was via NO production. However, PGE2 synthesis can 

be enhanced directly by TNFα, without the activation of NO as a secondary messenger. 

Indeed NO has a very short half-life and is capable of reacting with superoxide radicals to 

form peroxynitrite (ONOO-), which could act as a mediator to further synthesize PGE2, in the 

absence of NO (Asada et al., 1999, 2001, Beckman and Koppenol, 1996, Oh et al., 1998). It 

has also been well documented that activation of the COX-2 enzyme results in the 

production of PGE2 (Murakami et al., 2000, Vane and Botting, 1998a). The present findings 

were in agreement with studies in which TNFα-treated OA menisci explants, chondrocyte 

alginate beads and monolayer cultures demonstrated an upregulation in COX-2 expression 

and PGE2 production, which were associated with increased iNOS and NO synthesis (Rai et 

al., 2008). Similarly, elevated levels of PGE₂ synthesis were observed on stimulating human 

chondrocyte monolayer cultures with TNFα (Bunning & Russell, 1989, Carame´s et al., 

2008). Similar observations were made in OA cartilage explants, in which increased levels of 

PGE2 were shown to correspond with enhanced expression of COX-2 (Amin et al., 1997). 
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Consequently, these activities resulted in enhanced cartilage damage (Notoya et al., 2000, 

Pelletier et al., 2001a, Goldring and Berenbaum, 2004).   

 

Previous studies have revealed that upstream activators, such as kinases and intracellular 

messenger systems, are involved in the modulation of iNOS and COX-2 expression, 

together with NO and PGE2 release, in response to TNFα in a variety of model systems 

(Table 1.5). Indeed, activation of the transcription factor, NF-κβ, has been demonstrated in 

human or murine chondrocytes stimulated with TNFα in alginate beads and monolayer 

cultures (Yasuda, 2011, Seguin & Bernier, 2003, Mehdi et al., 2007). Similar observations 

were made in other cell types treated with TNFα, such as human fibrosarcoma cells, wild-

type mouse embryonic fibroblasts and human OA synovial fibroblasts, which also revealed 

activation of the NF-κβ transcription factor (Alaaeddine et al., 1999, Varfolomeev et al., 

2008). Examples of other upstream activators which have been shown to be influenced by 

TNFα include p38 MAPK, ERK and JNK (Badger et al., 2000, Seguin & Bernier, 2003, Zhou 

et al., 2007). Although, the activation of protein kinases by pro-inflammatory cytokines have 

been well documented, sufficient evidence has also been provided on the regulation of 

cytokines and other catabolic mediators by protein kinases , resulting in the formation of a 

positive feedback loop of sustained NF-κB activation (Ge et al., 2011, Kapoor et al., 2011). 

For example, p38 MAPK and JNK have been shown to regulate the production of IL-1 and 

TNFα which, in turn, upregulated the expression of MMP-1, -3 and -13 (Liacini et al., 2002, 

Ahmed et al., 2003). In OA chondrocytes, iNOS expression and NO synthesis were also 

observed to be regulated by MAPK-activated protein kinase (MAPKAPK, Martel-Pelletier et 

al., 1999).  

 

A dose-dependent increase in MMP activity was observed in the present study on treating 

chondrocyte/agarose constructs with concentrations of TNFα above 1ng/ml. The TNFα-

induced response was then partially reversed upon co-stimulation with L-NIO (Fig. 3.3). 

Furthermore, an upregulation in the expression of MMP-13 and ADAMTS-5 was observed 

on stimulating constructs with the pro-inflammatory cytokine (Fig. 5.12 and 5.13). This 

resulted in a decrease in GAG synthesis and increase in GAG loss in constructs treated with 

the highest concentration of TNFα (100ng/ml, Fig. 3.4 and 3.5). Upon co-stimulation with the 

NOS inhibitor, the response was reversed, suggesting that endogenously synthesized NO 

and MMP activity influences proteoglycan synthesis. The present findings are in agreement 

with studies which showed that MMP expression and protein synthesis are regulated by 

TNFα, consequently leading to the disruption of cartilage (Malemud et al., 2003, He et al., 

2002). The principal MMPs involved in OA pathogenesis include, MMP-1, -3, -8, -9 and -13, 

along with aggrecanases, which belong to the ADAMTS family. The matrix proteases are 

responsible for the degradation of ECM components such as proteoglycans, fibronectin, 

collagen and link protein, all of which contribute to both the integrity and function of articular 

cartilage (Malemud et al., 2003). 
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Additionally, the present findings are in concert  with studies which demonstrated a 

downregulation in aggrecan content and an upregulation in proteoglycan release, upon 

treating porcine and bovine chondrocytes cultured in monolayer or explant models, with 

concentrations of TNFα ranging between 50 and 100ng/ml (Gilbert, Duance and Mason., 

2002, Goodstone and Hardingham, 2002). Similar findings were reported with human RA 

synovial fibroblasts co-cultured with bovine cartilage explants in a 3D agarose embedded 

model, stimulated with TNFα. Furthermore, the decrease in ECM content observed in the 3D 

model was shown to be associated with an upregulation in MMPs (Pretzel et al., 2009). Rai 

et al, (2008) demonstrated similar findings in porcine chondrocyte monolayer cultures 

treated with TNFα, reporting an upregulation in the expression of MMP-3 and -13 and a 

decrease in aggrecan synthesis. Conclusively, from these findings, it can be seen that NO 

influences proteoglycan synthesis via multiple pathways, which have not yet been fully 

explored. Figure 7.2 illustrates the signalling pathways influenced by TNFα during OA 

disease progression. 

 

Collectively, these studies demonstrate the importance of TNFα in cartilage degradation, a 

feature which is inevitable in OA disease progression (Malemud, 1999, Petterson et al., 

2002, Islam et al., 2002, Greenwel et al., 2000). 
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Fig. 7.2. Flow chart illustrating the signalling cascades triggered on stimulating chondrocyte/agarose 

constructs with TNFα. 

 

7.5.2 The effect of dynamic compression on chondrocytes 

stimulated with TNFα 

 

It has been well established that mechanical stimulation is essential for the maintenance of 

cartilage homeostasis. One of the objectives of the study presented, involved examining the 

effects of physiological mechanical loading on markers of catabolic activities and tissue 

remodelling in chondrocyte/agarose constructs. More specifically, the study was designed to 

elucidate the effects of dynamic compressive strain on nitrite, PGE2, MMP, TNFα and GAG 

synthesis in the 3D agarose model system. 

 

The present study revealed that in the absence of TNFα, dynamic compression did not 

significantly influence nitrite production. In unstrained constructs, the pro-inflammatory 
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cytokine was observed to significantly enhance nitrite production and the response was 

reduced with dynamic compression. Upon co-incubation with the NOS inhibitor, the 

response was abolished (Fig. 4.1). These findings suggest that NO is a 

mechanotransduction mediator, which is induced by the pro-inflammatory cytokine, TNFα, 

since its effects are reversed upon stimulation with dynamic compression. However, the 

signalling cascades through which NO is inhibited by dynamic compression in 

chondrocyte/agarose constructs are not fully understood.  

 

Another intracellular molecule influenced by mechanical stimulation, in particular, fluid flow, 

is calcium (D’Andrea et al., 2000). Calcium is an upstream activator of mechanotransduction 

pathways, which is known to be regulated by calcium-sensitive stretch-activated (SA) ion 

channels, capable of influencing the activation of cNOS. Indeed, a decrease in shear-

induced intracellular calcium was observed upon employing inhibitors of extracellular 

calcium and its admission into the cell via mechanosensitive ion channels. In a separate 

study, the effect of 20% gross compressive strain on intracellular calcium was observed in 

chondrocyte/agarose constructs, which demonstrated an increase in the number of cells 

responding to mechanical simulation. This effect was evident from the upregulation of 

intracellular calcium (Roberts et al., 2001). Figure 7.3 illustrates the activation of calcium 

ions on the application of dynamic compression. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3. Flow chart illustrating the activation of calcium ions upon stimulating chondrocyte/agarose 

constructs with dynamic compression. 
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Co-incubation with gadolinium, an inhibitor of SA ion channels, led to a decrease in 

intracellular calcium, implicating SA or voltage-gated ion channels in the admission of 

calcium ions into the cell (Guilak et al., 1999, Wright et al., 1997). Between 24 and 72 hours 

of culture, Knight et al. (1998) demonstrated a decrease in intracellular calcium in 

chondrocyte/agarose constructs subjected to compressive strain. This decrease in 

intracellular calcium correlated with a reduction in the number of chondrocytes responding to 

the mechanical stimuli which, in turn, was found to be associated with the development of 

pericellular matrix around the cells, hence reducing the extent of cell deformation. 

Furthermore, the observed increase in intracellular calcium may be associated with an 

upregulation in the expression of cNOS, thereby enhancing NO production. It is also worth 

noting that the response of calcium to mechanical stimulation is time delayed by 

approximately 3 minutes. Although the signalling cascades responsible for this delayed 

effect is unknown, the activation of Na+ and K+ ions may be related to it (Walev et al., 2000). 

 

In previous studies, the effects of different types of compression regimens on chondrocyte 

metabolism have also been investigated. For example, both an increase in NOS expression 

and NO release was observed in porcine cartilage explants, following the application of 

either static or intermittent compression (Fermor et al., 2001). However these findings are 

not in agreement with those from the present study which examined examined the effects of 

dynamic compression on nitrite production. The differences observed between both studies 

may be as a result of the different model systems employed, which also include different 

chondrocyte species. Furthermore, NO production has been found to be particularly 

significant within the first 48 hours of culture, which may be due to the culture conditions to 

which the cells are subjected, as opposed to the loading modality employed (Stefanovic-

Racic et al., 1997). 

 

In the present study, dynamic compression did not significantly influence PGE2 release in 

the absence of TNFα (Fig. 4.2). However, in the presence of the cytokine, a decrease in the 

inflammatory mediator was observed upon stimulation with either dynamic compression or 

the NOS inhibitor. Co-stimulation with both compression and the NOS inhibitor induced a 

further reduction in PGE2 release (Fig. 4.2). These findings suggest that PGE2 may directly 

be influenced by TNFα, in the absence of NO.  

 

Bovine chondrocyte/agarose constructs subjected to dynamic compression previously 

demonstrated poor correlation between NO production and GAG synthesis, in the presence 

of the pro-inflammatory cytokine, IL-1b (Chowdhury, Bader and Lee, 2001). In contrast, the 

present study demonstrated enhanced GAG synthesis in TNFα-treated chondrocyte/agarose 

constructs in response to dynamic compression, although there were differences in the 

temporal compression regimens (Fig. 4.5). The effect was further enhanced upon co-

incubation with the NOS inhibitor. In a separate study, cyclic tensile strain demonstrated an 
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inhibition in proteoglycan synthesis in IL-1β-treated rabbit chondrocyte monolayer cultures 

(Gassner et al., 1999). Additionally, Taskiran et al., (1994) observed a decrease in GAG 

synthesis in rabbit chondrocytes treated with IL-1β.  

 

7.5.3 The effect of oxygen tension in chondrocytes stimulated 

with TNFα 

 

The effects 21 and 5% oxygen tension on the anabolic and catabolic activities of TNFα-

treated chondrocyte/agarose constructs were examined in the present study. 5% oxygen 

tension was used for investigating the effects of hypoxia on chondrocyte metabolism, since it 

represents the approximate mean oxygen tension within human cartilage in vivo. 

Additionally, this concentration of oxygen is mostly used in studies comparing the effects of 

both hypoxia and normoxia in cartilage biology. It has been well-established that oxygen is 

required for the production of NO and PGE2. As such, it is expected that oxygen has an 

influence on the production of these inflammatory mediators, when induced by TNFα-treated 

chondrocytes or untreated controls.  

 

In untreated constructs, the levels of nitrite production in chondrocytes cultured at 5% 

oxygen tension were fairly similar to those cultured at 21% oxygen tension (Fig. 3.1). Similar 

results were obtained in untreated chondrocyte/agarose constructs cultured at both oxygen 

tensions (Fig. 3.1). The data suggest that chondrocytes were well equipped with sufficient 

oxygen in order to maintain basal levels of the inflammatory mediators. These findings were 

in concert with those from previous studies which demonstrated similar levels of NO and 

PGE2 upon culturing porcine and bovine chondrocytes under hypoxic and normoxic 

conditions (Cernanec et al., 2002, Mathy-Hartert et al., 2005).  

 

In the presence of TNFα, the present study revealed an increase in nitrite production, with a 

greater effect at 5% oxygen tension when compared to 21% (Fig. 3.1). Similar findings were 

apparent in PGE2 production, when TNFα-stimulated constructs were cultured at both 

oxygen tensions (Fig. 3.1 and 3.2). This effect however, cannot be attributed to cell number, 

as this factor was not influenced by changes in oxygen tension, as evident from the constant 

DNA content obtained from all treatment conditions. Accordingly, the present data suggests 

that oxygen tension plays a key role in the progression of OA. Indeed, a correlation has 

been reported between the severity of RA and the partial pressure of oxygen (pO2), such 

that the lower pO2 values in the synovial fluid are associated with more serious disease 

conditions (Mathy-Hartert et al., 2005). Based on this hypothesis and given the fact that 

PGE2 production was enhanced in response to TNFα at 5% oxygen tension, it can be 

concluded that the inflammatory mediator plays an essential role in synovitis pathogenesis. 

NO on the other hand, is known to significantly contribute to tissue degradation, with the 
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help of other reactive nitrogen species (Veihelmann et al., 2001). As such, it can be 

suggested that the inflammatory effects of hypoxia are further enhanced via increased NO 

production. Nevertheless, the array of signalling cascades by which hypoxia elevates NO 

and PGE2 production is still not fully understood.   

 

7.5.4 The effect of lactose on FN-fs  

 

It has been well documented that ECM-fs induce catabolic activities during OA disease 

progression and hence they are involved in the regulation of cartilage tissue remodelling 

(Fig. 6.1). Of these matrix fragments, the 29kDa NH2-terminal heparin binding FN-f has been 

proven to be the most potent, followed by Col-fs (Homandberg, 1998). Despite the fact that 

several types of Col-fs are produced from type II collagen during OA, the most significant 

types are the amino and carboxyl telopeptides (Reijman et al., 2004), which have been 

shown to induce increased levels of cytokines, NO release and inhibit GAG synthesis in 

porcine chondrocyte/agarose constructs (Chowdhury et al., 2010).  

 

Indeed, upon binding to the pericellular matrix, FN-fs have been shown to induce a series of 

catabolic activities, including an increase in the production of matrix proteases, such as 

MMP-1,-3 and -13, together with enhanced levels of pro-inflammatory cytokine such as IL-1 

and TNFα, consequently leading to cartilage breakdown and progression of tissue lesions 

(Mehraban et al., 1998, Xie and Homandberg, 1993, Homandberg et al., 1992). These 

studies suggest that FN-fs are involved upstream of the OA disease process, when 

compared to pro-inflammatory cytokines and, as such, are more potent in nature. 

Furthermore, FN-fs have been shown to induce enhanced levels of NO and PGE2 

production in human and bovine chondrocytes cultured in monolayer, explant and 3D 

agarose models (Pichika and Homandberg, 2004, Homandberg and Hui, 1996, 

Homandberg, Wen and Hui, 1998, Homandberg, Meyers and Xie, 1992, Homandberg et al., 

1997). These signalling cascades have been shown to be mediated by MAPK and NF-κβ, 

subsequently leading to the inhibition of proteoglycan synthesis and increase in 

proteoglycan loss (Forsyth, Pulai and Loeser, 2002, Pulai et al., 2005). Additionally, co-

stimulation of cartilage explants with a NOS inhibitor revealed a reduction in FN-f-induced 

catabolic activities (Homandberg and Hui, 1996). Although FN-fs have been shown to 

influence the multiple aforementioned signalling pathways, the specific receptor(s) to which 

the matrix fragment binds for the induction of these catabolic processes remains unknown. 

Nevertheless, numerous receptors have been suggested to bind to FN-fs, including:  

 TLR4 receptor which has been shown to bind to HA and heparin sulphate,  

 CD44 receptor  

  α5β1 receptor implemented in the mediation of biomechanical signals.  
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However, upon examining the effects of inhibiting these receptors on NO production in FN-f-

treated chondrocytes in the host laboratory, it was observed that a significant inhibition in 

NO production was only observed upon inhibiting the SGAL receptor with α-lactose 

monohydrate (Fig. 1.26, 1.27). The SGAL receptor was targeted as it represents the primary 

receptor of elastin, which is known to be rich in the VGVAPG motif. Similarly, the sequence 

of consensus pattern, XGXXPG, is present in most matrix proteins, including collagen (Hinek 

and Rabinovitch, 1994, Hinek et al., 1988, 1991, 1993, Hinek and Wilson, 2000, Wachi et 

al., 2004, Mecham et al., 1989a, 1989b, 1991, Privitera et al., 1998, Blanchevoye et al., 

2013). Accordingly, it was suggested that the XGXXPG sequence may also be present in 

FN-fs, through which the matrix fragment induces catabolic activities. Therefore, the present 

study investigated the dose-response effect of lactose on nitrite production and GAG 

synthesis in chondrocyte/agarose constructs stimulated with 1µM of the 29kDa heparin 

binding FN-f. It was observed that FN-fs successfully induced an increase in nitrite release 

and a decrease in GAG synthesis, when compared to untreated controls (Fig. 6.6). This data 

was in agreement with previous findings which demonstrated increased levels of NO and a 

decrease in GAG synthesis in human and bovine chondrocytes treated with FN-fs in 2D and 

3D models (Pichika and Homandberg, 2004, Homandberg and Hui, 1996, Homandberg, 

Wen and Hui, 1998, Homandberg, Meyers and Xie, 1992, Homandberg et al., 1997). 

However, co-incubation of the chondrocyte/agarose constructs with lactose at 

concentrations ranging from 0.1 to 100mM did not inhibit FN-f-induced nitrite production, nor 

did it restore GAG synthesis (Fig. 6.6). Upon optimizing the culture conditions required for 

the highest concentration of lactose i.e.100mM to inhibit FN-f-induced catabolic activities, it 

was observed that a 72 hour equilibration period, prior to the stimulation of chondrocytes 

with FN-fs was unfavourable (Fig. 6.8). Equilibrating samples may have created a high 

affinity of FN-f-cell surface binding, compared to non-equilibrated samples in which a higher 

proportion of cell surfaces may have been compromised from enzymatic action, during cell 

isolation. Additionally, equilibrating samples may have led to the over-stimulation of the 

model system, evident by the higher levels of nitrite being produced when compared to non-

equilibrated samples (Kelly et al., 2006, Frenkel et al., 1996, Hauselmann et al., 1994, 

Mauck et al., 2003). At such high levels of nitrite production, it is possible that the lactose 

present in the culture media was rapidly used up by chondrocytes, in an attempt to initiate 

self-repair processes, since lactose is a sugar. As a result, only a limited amount of lactose 

might have been available to bind to FN-fs present at the cell surface for the inhibition of FN-

f-induced catabolic activities. Furthermore, FN-fs do not possess a rapid turnover compared 

with other inflammatory molecules such as TNFα. Instead, they follow a positive feedback 

loop (Fig. 7.4) in the induction of catabolic activities in vivo, hence allowing them to be more 

potent compared to inflammatory cytokines (Homandberg, Ding and Guo, 2007). As such, 

this further limited the ability of lactose to inhibit FN-f-induced catabolic activities within the 

48 hour culture period, particularly in equilibrated constructs.  
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Fig. 7.4. Flow chart illustrating the positive feedback loop of catabolic events induced by FN-fs and 

MMPs. SF = synovial fluid and AC = articular cartilage. 

 

Furthermore it was interesting to note from the dose-response study of FN-fs in the 3D 

model system that concentrations of FN-fs below 1µM did not induce an anabolic response, 

evident from the consistent levels in GAG production at each concentration of FN-f used 

(Fig. 6.12). This finding contradicted those in previous studies, which demonstrated anabolic 

or delayed catabolic responses upon treating cartilage explants with concentrations of FN-fs 

less than 1µM (Homandberg and Hui, 1994, Homandberg and Wen, 1998, Homandberg et 

al., 1996, 1997). Co-incubation of these constructs with lactose led to a significant inhibition 

of FN-f-induced catabolic activities. This is the first study to demonstrate that FN-fs induce 

catabolic activities in chondrocyte/agarose constructs via the EBP/SGAL signalling pathway. 

Studies in the host laboratory have demonstrated that biomechanical signals will influence 

the inflammatory response induced by matrix fragments. Indeed, intermittent dynamic 

compression was shown to inhibit FN-f-induced NO and PGE2 production and restore GAG 

synthesis in chondrocyte/agarose constructs. The study was extended by co-stimulating 

constructs with the NOS inhibitor, which revealed a further inhibition in the catabolic effects 

induced by FN-fs (Raveenthiran and Chowdhury, 2009).  

 

Furthermore, the signalling pathways induced by the inherent low oxygen tension within 

cartilage will interact with those induced by matrix fragments and biomechanical signals. As 

such, the present study examined the effects of lactose on FN-f-treated 

chondrocyte/agarose constructs cultured at 21, 5 and 2% oxygen tensions. From figure 
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6.11), it was observed that FN-f-induced catabolic activities were enhanced at 5% oxygen 

tension when compared to either 2% or 21% oxygen tensions. These findings are in concert 

with previous studies, which have demonstrated an increase in the catabolic activities 

induced by FN-fs under hypoxic conditions (Parker et al., 2013). The present study was then 

extended to examine the combined effects of dynamic compression and hypoxia on the 

anabolic and catabolic activities of chondrocyte/agarose constructs treated with lactose and 

the synthetic VGVAPG peptide. The synthetic VGVAPG peptide was incorporated to replace 

the effects of the FN-fs and to confirm that the catabolic activities induced by the FN-fs are 

via the EBP/SGAL signalling pathway. An increase in nitrite production was observed upon 

treating constructs with the VGVAPG peptide, when compared to untreated controls (Fig. 

6.12), suggesting that they induce equivalent catabolic effects as FN-fs. The catabolic 

effects induced by the peptides were further enhanced by culturing constructs at 5% oxygen 

tension, when compared to 21% oxygen tension. This effect was also similar to those 

induced by FN-fs under hypoxic conditions. The application of dynamic compression 

reduced the VGVAPG peptide-induced nitrite production and restored GAG synthesis in an 

oxygen-independent manner (Fig. 6.12). Co-incubation with lactose led to a further decrease 

in nitrite production, which correlated with a further increase in GAG synthesis. The results 

from Figure 6.12, suggests the presence of the XGXXPG sequence in FN-fs, as lactose was 

able to successfully inhibit the VGVAPG peptide, which correlates with a recent study, which 

examined the inhibitory effects of lactose on the VGVAPG peptide (Blanchevoye et al., 

2013). This data is also in agreement with results from Chapter 4, which showed that 

cytokine-induced catabolic activities were reduced on subjecting chondrocyte/agarose 

constructs to mechanical loading at both 21% and 5% oxygen tensions. The results from 

Figure 6.12 are also in correlation with those from a study in which dynamically stimulated 

chondrocyte/agarose constructs were treated with FN-fs in the presence and absence of L-

NIO, at both 21% and 5% oxygen tension. From the study, it was observed that FN-f-

induced catabolic activities were reduced by dynamic compression in an oxygen 

independent manner (Parker et al., 2013). Collectively, these results emphasize the oxygen-

dependency of the response of chondrocytes to FN-fs and the importance of lactose and 

biophysical loading in the suppression of the inflammatory processes. Accordingly, further 

studies are required to examine the interplay of FN-fs, lactose and oxygen tension, in 

conjunction with dynamic compression to identify potential targets for OA therapy. 
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7.5.5 The effect of NT telopeptides on chondrocyte metabolism 

 

In the present study, synthetic NT terminal telopeptides, with a sequence corresponding to 

that of the animo-terminal region of type II collagen, were used to induce catabolic activities 

in chondrocyte/agarose constructs, similar to those observed in OA in vivo and in vitro 

models (Jennings et al., 2001, Chowdhury et al., 2010, Lucic et al., 2003, Guo, Ding and 

Homandberg, 2009). On treating constructs with 3µM of the synthetic peptides (Laboratoire 

de Biotechnologie, Luxembourg, S.A), a catabolic response was not induced at 21, 5 or 2% 

oxygen tension (Fig. 6.4). This may be a direct result of employing lower concentration of the 

peptides when compared to other studies, which demonstrated the induction of maximum 

catabolic activities upon stimulating similar 3D porcine chondrocyte/agarose models with a 

synthetic peptides at a concentration of 50µM (Chowdhury et a., 2010). In contrast, studies 

which examined the dose response effect of synthetic NT terminal telopeptides in 

chondrocyte monolayer cultures or cartilage explants reported the induction of maximum 

catabolic activities, such as enhanced proteoglycan loss, only at a specific  peptide 

concentration of 3µM (Guo, Ding and Homandberg, 2009). As such, the concentration of NT 

telopeptides used to induce catabolic activities in chondrocyte/agarose constructs was 

increased from 3µM to 50µM. Nevertheless, increasing the peptide concentration of the 

peptides did not induce any catabolic effects on culturing constructs at either 21 or 5% 

oxygen tension (Fig. 6.5). Possible contributing factors to this finding were considered, 

including the nature of the 3D model system, the properties of the synthesized peptides and 

any require preparation of the peptides prior to treatment. The species of chondrocytes 

employed in the present study were not a contributing factor, since previous studies did not 

encounter any differences in the effects induced by the peptides on using chondrocytes from 

different animal species (Jennings et al., 2001, Chowdhury et al., 2010, Guo, Ding and 

Homandberg, 2009). Similarly, the differences observed in the present study upon 

stimulating constructs with 50µM NT telopeptides were not a result of the model system 

employed. Indeed, studies which have examined the effects of NT telopeptides on 

chondrocyte metabolism in similar 3D porcine/agarose constructs, of the same pore size 

have demonstrated a significant increase in catabolic activities upon incorporating the same 

concentration of the peptides (Chowdhury et al., 2010).  

 

The stability of the synthesized NT telopeptides was another possible contributing factor to 

the inability of the peptide to induce catabolic activities in chondrocyte/agarose constructs, 

since it was synthesized with glutamine (Q or Gln) as the first amino acid in the N-terminus 

of the peptide. Glutamine is normally prone to undergo cyclization and convert into 

pyroglutamine, resulting in an overall shift in mass of the telopeptide (ThermoFisher 

Scientific, Loughborough, UK; Laboratoire de Biotechnologie, Luxembourg S.A; LifeTein 

LLC, Somerset, New Jersey, US). However, keeping this limitation in mind, the lyophilised 

peptide was formed using analytical HPLC with <95% purity. Additionally, H and OH bonds 
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were added to the N- and COOH- terminals of the peptide in order to further stabilize its 

structure at room temperature, confirming that the stability of the NT telopeptides did not 

contribute to its inability to induce inflammatory effects in chondrocytes.  

 

Attention was then focused on the method of preparation of the telopeptides to stimulate 

chondrocytes, since information on this was not provided in previous publications. Due to the 

hydrophobic nature of the lyophilized telopeptides, 2% DMSO/PBS solution was used to 

prepare a 1mg/ml stock solution of the peptides, followed by diluting it in DMEM +20% FCS 

to prepare a working concentration of 3µM or 50µM, according to manufacturer’s instructions 

(ThermoFisher Scientific, Loughborough, UK; Laboratoire de Biotechnologie, Luxembourg 

S.A; LifeTein LLC, Somerset, New Jersey, US). Although this method ensured complete 

solubility of the peptides, while maintaining minimum cytotoxicity levels, the solution failed to 

stimulate chondrocytes. Upon close examination and consultation with author’s of previous 

publications, it was then brought to attention that for chondrocytes to be stimulated by these 

synthetically developed telopeptides, the peptides must be subjected to dialysis, initially with 

PBS, followed by DMEM. This stage is of utmost importance as it ensures the removal of 

unwanted salts present during peptide synthesis, which prevent chondrocytes from being 

activated (Guo, Ding and Homandberg 2009). 
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7.6 Clinical Implications 

 

OA is a progressive, degenerative joint disease, which demands effective long-term 

solutions to improve the quality of life of those affected individuals. Although the currently 

available drugs assist in controlling or reducing joint pain, they are incapable of inhibiting the 

progression of the disease. As such, measures involving early diagnosis, in combination with 

biophysical and biochemical interventions are considered to be essential in halting the 

progression of the disease. However, a number of factors have restricted progress on the 

development of therapeutic strategies for OA treatment. These include the use of a wide 

variety of model systems making comparisons difficult and the limited ability of 

simultaneously incorporating the essential factors involved in regulating OA pathophysiology 

in vivo, such as inflammatory agents, biomechanical stimuli and hypoxia. Accordingly the 

understanding of the mechanisms which occur during the early stages of the disease 

process remains incomplete. In particular, the manner in which pro-inflammatory cytokines, 

matrix fragments, in combination with mechanical stimuli influence chondrocyte metabolism 

under hypoxic conditions is complex and requires further investigation. As such, the present 

study examined whether low oxygen tension at 5% could influence the response of 

chondrocytes to TNFα/matrix fragments and dynamic compression. The findings 

demonstrated that exogenous TNFα enhanced the production of inflammatory mediators, 

including nitrite, PGE2 and MMP activity, with an enhanced effect observed under hypoxic 

conditions. These data suggest that oxygen tension in the diseased joint will have a 

significant impact on the metabolic processes of chondrocytes, with a potential to trigger 

pathways induced by TNFα. Accordingly, future therapeutics for OA should involve the 

development of oxygen-sensitive antagonists, aimed at interfering with TNFα-induced 

pathways involving oxygen-sensitive mediators, such as NO, PGE2 and NF-κβ.  

The application of biomechanical signals or the presence of the NOS inhibitor reduced the 

effects of TNFα, in an oxygen-dependent manner, leading to the restoration of matrix 

synthesis. The present findings confirm that dynamic compression induces 

chondroprotective effects, hence providing vital insights for the development of approaches 

for OA treatment. This includes subjecting the joint to moderate physiological exercise which 

counteracts the inflammatory processes and restores anabolic activities, subsequently 

maintaining normal tissue remodelling and cartilage health.  
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7.7 Future work 

 

 Heterogeneous mixtures of chondrocytes isolated from full depth slices of articular 

cartilage were incorporated in the development of the 3D chondrocyte/agarose 

model used throughout the present study. Consequently, the effect of oxygen 

tension was not observed on sub-populations of chondrocytes obtained from the 

different zones of articular cartilage. Since the oxygen tension in healthy articular 

cartilage varies from approximately 8% in the superficial zone to approximately 1% 

in the deep zone, in vivo, it would be interesting to examine the effects of oxygen 

tension on sub-populations of chondrocytes (Falchuk, Goetzl, Kulka, 1970, Brighton 

& Heppenstall, 1971). Indeed, a previous study in the host laboratory reported 

distinct responses for these chondrocyte sub-populations when subjected to 

dynamic compression (Lee et al., 1998). 

 

 Upon examining the effects of the NOS inhibitor in chondrocyte/agarose constructs 

stimulated with TNFα, it was observed that L-NIO only partially inhibited PGE2 

release when compared to nitrite release, as L-NIO is an inhibitor of all the isoforms 

of NOS. Additionally, since NO is known to influence COX-2 and PGE2 release in 

various in vivo and in vitro models of OA, incorporating the COX-2 inhibitor, NS-398, 

in addition to L-NIO would provide additional information related to the reparative 

activities.  

 

 In the present study, MMP activity was only analysed in culture supernatants. Since 

MMPs are synthesized by the chondrocytes seeded within the agarose constructs, it 

is highly likely that MMPs will be present within chondrocyte/agarose constructs. As 

such, it will be of value to analyse the MMP activity in both chondrocyte/agarose 

constructs and the corresponding culture supernatants.   

 

 From chapter 6, it was shown that lactose had an inhibitory effect on FN-f-induced 

catabolic activities, due to the presence of the XGXXPG repeating sequence in FN-

fs (Fig. 6.12). In order to further confirm that this inhibition was specific to lactose 

alone, the study should be expanded to include a negative control, typically sucrose, 

a sugar made of a combination of fructose and glucose.  

 

 In order to confirm that lactose inhibited FN-fs- or VGVAPG-induced catabolic 

activities, via the SGAL/EBP signalling pathway, qRT-PCR must be performed to 

specifically detect the expression of SGAL receptor. Additionally, this method will 

reveal whether the SGAL signalling pathway is influenced by mechanical loading 
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and/or oxygen tension in compressed chondrocytes cultured under both normoxic 

and hypoxic conditions. 

 

 There is still a major requirement to clarify the temporal influence of each of the 

exogenous factors. Accordingly, a temporal study is required to examine the effects 

of hypoxia on TNFα-treated constructs subjected to dynamic compression, using a 

series of time points over a 48 hour culture period, typically 0.5, 1.0, 2.0, 4.0, 8.0, 24 

and 48 hours.   
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