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Abstract 

 

Osteoarthritis (OA) is the most common form of arthritis and currently treatment is 

restricted to pain medication and ultimately joint replacement. Recent studies have 

identified a new osteoarthritic phenotype termed metabolic syndrome-associated/ 

metabolic OA, in which metabolic disorders and low-grade inflammation play a key 

mechanistic role in the disruption of joint homeostasis and cartilage degradation. 

 

One potential mediator of low-grade inflammation associated with metabolic OA may 

be advanced glycation end-products (AGEs). AGEs are a heterogeneous group of 

carbohydrate-binding proteins which can form within the body, and are commonly 

found in cooked food and animal-based products. Serum and tissue AGEs 

concentrations are increased by a high-fat (HF) diet and are reduced by exercise in 

humans and rodents. In hyaline articular cartilage (HAC), AGEs accumulate within 

the extracellular matrix, crosslink with collagen, and reduce mechanical function. 

They have also been shown to upregulate proinflammatory cytokine release from 

chondrocytes and synoviocytes. However, it is not known how HF diet affects AGE 

accumulation and cytokine expression in articular cartilage. Therefore this study aims 

to test the hypothesis that a HF diet increases systemic and articular cartilage AGE 

accumulation and catabolic cytokine expression. Further, given that exercise is known 

to upregulate anti-inflammatory pathways, the study examined the effect of voluntary 

exercise on inflammation and AGE accumulation. 

 

Male Sprague-Dawley rats were fed either a control diet (Chow) or a high-fat (HF) 

diet from D21. From D63 of age, half of the rats were provided running wheels for 

voluntary wheel exercise (EX) up to D121, in contrast to the other half that were 

allowed only spontaneous cage activity (SED). Metabolic assessment at D121 

included mass, percentage body fat and plasma insulin, leptin and glucose. Plasma 

cytokines (IFN , IL1 , IL1 , IL6, IL10, TNF ) and AGE concentration were also 

assessed. AGE content in Chow and HF-Chow, along with AGE concentration in, 

liver and kidney were assessed using an enzyme-linked immunosorbent assay 



(ELISA). Hyaline articular cartilage of the femoro-tibial joint was 

immunohistochemically examined for the distribution of AGEs and 

carboxymethyllysine (CML), and the expression of receptor of advanced glycation 

end-products (RAGE).  

 

Using humeral head explant cultures, early cartilage degradation was assessed using a 

glycosaminoglycan release assay after 24h in culture. Explant cytokine secretion was 

also assessed using ELISAs and a multiplex bead immunoassay. Explants were further 

challenged with AGE-BSA to evaluate the effects of AGEs on glycosaminoglycan 

release and cytokine secretion. 

 

HF diet resulted in significant increases in percentage body fat which was 

significantly reduced with exercise. Plasma TNF-

HF-SED group compared to standard chow diet alone or in combination with exercise, 

However, no other cytokines showed significant changes in response to HF diet or 

exercise. Voluntary exercise was found to reduce AGE accumulation and enhance 

AGE elimination, but HF diet was found to diminish these effects. No differences in 

AGE accumulation and RAGE expression in the hyaline articular cartilage were 

found, but variable CML distribution was found in HF rats without voluntary exercise, 

suggesting early cartilage changes are associated with metabolic OA. HF diet induced 

greater glycosaminoglycan and IL6 release from the explants, which was ameliorated 

by voluntary exercise. Glycosaminoglycan release, independent of weight and 

percentage body fat, was associated with concomitant TNF ants 

of the HF rats, but not in the Chow rats. Greater IL10 secretion was only observed in 

HF rats exposed to voluntary exercise. AGE challenge resulted in greater cartilage 

degradation in explants, especially in the HF-EX group, but no changes in cytokine 

concentrations were observed. 

 

AGE accumulation was dependent of the nutritional and physical activity 

environments. Early joint changes such as cartilage degradation, proinflammatory 

cytokine release and CML distribution were found in the HF rats, and these effects 

could be ameliorated by voluntary exercise. The results presented in this thesis 

suggest that, exposure to a HF diet early in life can lead to systemic exposure to AGEs 



and provides further evidence to support a role of AGEs in the development of 

metabolic OA.  
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Chapter 1. Background 

1.1. Introduction  

Osteoarthritis (OA), the most prevalent form of arthritis, is a group of metabolic and 

biomechanical abnormalities primarily affecting the joint cartilage and underlying bone, as 

well as other joint tissues such as synovium, tendon, ligament and muscles. In 2004, it was 

estimated to affect 151.4 million of the global population (Mathers, Fat, & Boerma, 2008). 

Despite significant amount of research over the last 20 years, there is still no cure or effective 

medication for the disease that affects 33.6% of elderly over 65 of age (Lawrence et al., 

2008). Currently, joint replacement surgery may be the most clinically effective treatment 

option, although there are risks and complications accompanied with surgery (Kerkhoffs et al., 

2012; Leopold, 2009), especially in older patients (Kerkhoffs et al., 2012; Leopold, 2009). In 

addition, the disease also has significant impact in the economy and health cost in New 

Zealand. OA greatly reduces the time spent on daily activity and causes difficulty in 

performing daily activities, leading to a loss of potential workforce (Access Economics Pty 

Limited, 2010). In 2010, approximately $80 million was spent on public inpatient cost for 

OA in New Zealand, which is around 11% of the total financial cost in the health sector 

(Access Economics Pty Limited, 2010). 

Difficulty in treating OA is largely due to multiple risk factors including age, obesity, gender, 

genetic predisposition, and previous history of trauma. Although all these risk factors may 

contribute to OA, for an individual patient, only a few of these would be the major 

contributing risk factors associated with disease aetiology. This necessitates a better 

classification to distinguish patients. A new classification based on OA phenotypes has been 

proposed, which divides OA into five different subtypes: post-traumatic, metabolic, ageing, 
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genetic and pain (Sellam & Berenbaum, 2013), of which metabolic and ageing subtypes are 

associated with a group of heterogeneous group of chemicals known as the advanced 

glycation end-products (AGEs). AGEs are known to accumulate in the body with age (Verzijl 

et al., 2002) in individuals with obesity (Jin et al., 2015) or degenerative diseases (Vlassara, 

Brownlee, & Cerami, 1986). The AGEs can form crosslinks within tissues and disrupt normal 

body functions, and may also interact with cellular receptors and induce oxidative stress and 

inflammation (Nah et al., 2007; Yammani, Carlson, Bresnick, & Loeser, 2006). Despite the 

harmful properties of these chemical species, total prevention of AGE accumulation is 

impossible due to their ubiquitous formation. Diet is one major source of AGEs. 

Animal-based food products are higher in AGE content, and high cooking temperature also 

leads to their formation (Uribarri et al., 2010). For example, beef frankfurter boiled in 100°C 

for 7 min contains 7484 kilo units (kU)/100 g, which is lower than that of the same food item 

char-grilled at 232°C for 5 min that contains 11270kU/100g (Uribarri et al., 2010). Normal 

metabolism also results in the formation of AGEs through lipid peroxidation (Ott et al., 2014). 

Strategies to prevent AGE formation and/or accumulation include inhibition of endogenous 

AGE formation (Aldini et al., 2013), breakdown of AGE crosslinks (Poulsen et al., 2013), 

amelioration of the harmful effects induced by AGEs, and reduction in AGE-rich diets 

(Macias-Cervantes et al., 2015). 

AGEs have been implicated in the progression of other age-related diseases such as 

s disease (J. Li, Liu, Sun, Lu, & Zhang, 2012), cardiovascular disease (Tikellis et 

al., 2008) and chronic renal failure (Bohlender, Franke, Stein, & Wolf, 2005), however 

further research is required to evaluate the association with OA pathogenesis. Studies have 

shown that AGEs accumulate in cartilage with age and may be responsible for an age-related 

decline of collagen and aggrecan synthesis (Goldring, Birkhead, Sandell, Kimura, & Krane, 

1988; M. Iwamoto, Koike, Nakashima, Sato, & Kato, 1989; Morales & Hascall, 1989). AGEs 
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form crosslinks within the collagen network and increase cartilage stiffness (Verzijl et al., 

2002). AGEs also induce chondrocyte apoptosis (Kaji, 2005) and upregulation of 

pro-inflammatory cytokines and degrading enzymes (Nah et al., 2007). Further, AGEs 

interact with cellular receptors leading to increased catabolic activity and degradation of 

cartilage, and a number of cellular pathways associated with AGEs have been implicated in 

the initiation and progression of OA (Chen, Sheu, Tsai, Yang, & Liu, 2013; Franke et al., 

2011; Hiraiwa et al., 2011; Huang et al., 2011; Loeser, 2004; Rasheed & Haqqi, 2012; 

Saudek & Kay, 2003; Yang et al., 2010). Current literature pertinent to AGE-associated 

metabolic OA mainly consists of observational studies that found AGE accumulation in older 

or diseased individuals, animal experiments that showed intra-articular injection of AGEs or 

AGE-precursors induced cartilage degradation in vivo (DeGroot et al., 2004; Li et al., 2016; 

Yamabe et al., 2013). Cell culture experiments that exposed primary cells or cell lines to 

AGEs have also found harmful effects in vitro (Chen, Sheu, Tsai, Yang, & Liu, 2013; Nah et 

al., 2007; Rasheed & Haqqi, 2012). However, the observational studies were unable to 

demonstrate causative effects of AGEs on the development of metabolic OA, and in vivo and 

in vitro studies exposed cells and/or tissues to AGEs through a non-physiological process that 

does not mirror the formation, metabolism and accumulation of in vivo. There remains a gap 

in our understanding between the effects of AGEs that are accumulated through a normal 

physiological process, and the actual downstream effects of AGE exposure to cells and 

tissues in vivo. Therefore, this thesis aimed to examine the effects of diet and exercise on 

AGE accumulation both systemically and in hyaline articular cartilage, and the potential role 

of AGEs in the pathogenesis of metabolic OA After a review of the pertinent literature, the 

experiments undertaken and specific discussion will be described in separate chapters, 

followed by a general discussion. 



4 
 

1.2. Literature Review 

1.2.1. The Synovial Joint 

A synovial joint is comprised of articulating bones surrounded by a synovial capsule, which 

comprises an outer fibrous layer and an inner synovium (synovial membrane), that surrounds 

the articulating surfaces of bones (Martini, Timmons, & Tallitsch, 2005). The joint capsule 

has the flexibility for joint movements and the tensile strength to prevent dislocation (Martini 

et al., 2005). The synovial cavity contains synovial fluid, which is a viscous fluid that 

provides lubrication during movements and nutrients to cartilage and the surrounding tissues 

(Martini et al., 2005). Figure 1-1 presents an example of a synovial joint from the hind limb 

of a rat.  
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1.2.2. Hyaline articular cartilage 

Cartilage is a connective tissue found in various parts of a human body, such as the synovial 

joint, larynx, trachea, bronchus, auricle of the external ear, and the intervertebral discs 

(Martini et al., 2005). According to the distributions of collagen fibres, elastic fibres and 

proteoglycans, cartilage can be classified into elastic cartilage, fibrocartilage and hyaline 

cartilage. These subtypes are found throughout the body and are anatomically and 

functionally distinct. Cartilage functions include skeletal development, growth and repair, 

lubrication and protection of the joints, and keeping the respiratory tract open (Horvai, 2011). 

For example, hyaline cartilage, being the predominant type of cartilage, can be found on the 

articulating surface of bones, where it functions to withstand rigorous mechanical loading. 

The hyaline cartilage found at the articulating surfaces is also known as the hyaline articular 

cartilage. 

Hyaline articular cartilage is a highly specialized structure that functions to endure rigorous 

mechanical loading. As described by Kempson (1979), hyaline articular cartilage has two 

main functions. Firstly, it is to decrease maximum stresses transferred to the underlying 

subchondral bones by providing an extensive contact area for even distribution of joint loads. 

Secondly, it is to allow relatively flexible joint motions with minimal friction and wear by 

offering a bearing surface. This is made possible by the complex organisation of the 

extracellular matrix (ECM), whose synthesis and composition are dependent on the 

chondrocytes.  

The chondrocytes and the ECM are the two main solid components in cartilage. The sparsely 

distributed chondrocytes account for no more than 10% of tissue volume. Their main function 

is to secrete and maintain the organic components of the ECM (Muir, 1983), which consists 

of a condensed network of collagen fibrils enmeshed in proteoglycans and other components 

including water, inorganic salts, and traces of non-collagenous proteins, glycoproteins and 
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lipids (Martel-Pelletier, Boileau, Pelletier, & Roughley, 2008). The relative amount of 

non-cellular components of hyaline cartilage described by Horvai (2011) is summarised in 

Table 1-1.  

Components Wet Weight (%) 
Type II Collagen  10 

Proteoglycan 8 
Water 80 

Other Cartilage-specific Collagens <1 
Other Proteins <1 
Inorganic Salts <1 

 

These components are distributed in a highly organized order from the articular surface to the 

subchondral bone, which form four distinct zones, which are the superficial zone (tangential 

zone/zone I), the middle zone (intermediate/transitional zone/zone II), the deep zone (radial 

zone/zone III) and the calcified zone (zone IV) (Weightman & Kempson, 1979). Although 

there are no clear visible borders between zone I, II and III, there is a distinguishable, weakly 

the deep zone and the 

calcified zone (Horvai, 2011). Figure 1-2 presents a schematic representation of the hyaline 

articular cartilage. Hyaline articular cartilage is different to other tissues in that it lacks 

lymphatic, nervous and blood supplies. It receives nutrition and removes waste products 

through diffusion by the movement of synovial fluid during normal physiological mechanics 

of joints (Maroudas, Bullough, Swanson, & Freeman, 1968). Hence this tissue does not 

readily regenerate if injured.  
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1.2.2.1. Extracellular Matrix 

The bulk ECM consists of three main components: collagen, proteoglycans and tissue water. 

The negatively charged proteoglycans are entrapped within the collagen network that, in turn, 

attracts and traps water in the matrix (Esko, Kimata, & Lindahl, 2009), hence allowing the 

tissue to withstand various mechanical challenges.  

 

Collagen 

Collagens have two main characteristics, one is a tandemly repeating amino acid sequence of 

Gly-X-Y triplets, and the other is a distinctively arranged triple helical structure (Koide & 
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Nagata, 2005). The range of the triplet length is between a few dozen and 510, depending on 

the different collagen types (Koide & Nagata, 2005). There are 28 types of collagen identified 

(Ricard-Blum, 2011), of which type II collagen is the main collagen in hyaline articular 

cartilage (Eyre, 2002). Other collagens have also been found in healthy hyaline articular 

cartilage tissue: types III, VI, IX, XI, XII and XIV (Eyre, 2002). According to their functions 

and molecular/supramolecular structures, the different types of collagen are classified into 

subfamilies as detailed in Table 1-1. 

Subfamily Type 

Fibril-forming collagens I, II, III, V, XI, XXIV, XXVII 

Network-forming collagens IV, VIII, X 

Beaded-filament-forming collagens VI, XXVI, XXVIII 

Anchoring fibrils VII 

Fibril-associated collagens with 

interrupted triple helices (FACIT) 

IX, XII, XIV, XVI, XIX, XX, XXI, XXII 

Transmembrane collagens XIII, XVII, XXIII, XXV 

Multiplexin/endostatin-producing XV, XVIII 

 

 

Proteoglycans 

Proteoglycans are large complex molecules composed of a core protein and at least one 

covalently bound glycosaminoglycan (GAG) side-chain (Flik, Verma, Cole, & Bach Jr., 

2007). These proteoglycans further bind to a hyaluronan backbone to form a proteoglycan 

complex (Figure 1-3). There are at least 30 genes discovered that encode different protein 

cores (Mow, Gu, & Chen, 2005). The core proteins are attached to different number and 

types of GAGs, which can be further differentiated by fine structures (Mow et al., 2005). 

Hence, proteoglycans exist in enormous diversity. 
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Glycosaminoglycans are unbranched long-chain polysaccharides (T. Hardingham, 2006). 

They consist of repeating disaccharide units (a hexosamine and a hexuronic acid/hexose), 

which are categorised into distinct types of GAG (T. Hardingham, 2006) (Figure 1-4). These 

types include chondroitin sulphate, dermatan sulphate, keratan sulphate, heparan sulphate, 

heparin and hyaluronan (T. E. Hardingham & Fosang, 1992).  
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In cartilage, the most prominent proteoglycan is aggrecan, which makes up 80-90% of the 

proteoglycans in hyaline articular cartilage and confers cartilage the mechanical ability to 

withstand joint loading (Mow et al., 2005). A single aggrecan molecule consists of a core 

protein, which only comprises 10% of the molecular mass, and a number of keratin sulphate 

and chondroitin sulphate side-chains that contribute to the rest of the molecular mass 

(Hardingham & Fosang, 1992). The number of keratin sulphate and chondroitin sulphate 

side-chains linked to a single protein core can be as many as 50 and 100, respectively (T. 

Hardingham, 1981). The structure of chondroitin sulphate side-chains are known to change 

with age and cartilage depth (Mow et al., 2005).  

Besides aggrecan, there are also other types of proteoglycans in the hyaline articular cartilage: 

long aggregating versican, the small leucine-rich proteoglycan family biglycan, decorin, 

fibromodulin, lumican and chondroadherin, proline arginine-rich end leucine-rich repeat 

protein, and other proteoglycans such as perlecan (Mow, Gu et al. 2005, Camper, Grover, 
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Chen et al. 1996). Versican is found to be present in a distinct aggregate form different to the 

aggrecan in the superficial zone of growing cartilage, and has been proposed to have specific 

roles in the articular surface (Matsumoto et al., 2006). Decorin and biglycan also act as linker 

modules connecting collagen networks and other structures (Heinegard, 2009). 

Chondroadherin has two binding sites on type II collagen which may have functional 

importance in: 1) communication between chondrocytes and its surrounding matrix and, 2) in 

the regulation of collagen fibril assembly (Mansson, Wenglen et al. 2001). Knockout mouse 

studies showed that absence of these proteoglycans lead to abnormal collagen morphology 

(Danielson et al., 1997; Plaas, Neame, Nivens, & Reiss, 1990). In contrast, ablation of 

perlecan domain 1 heparan sulphate in a murine model showed less cartilage erosion, 

osteophytosis and synovitis (Shu et al., 2016). This may be associated with co-localisation of 

perlecan and fibroblast growth-factor 2, which has been suggested as a mechanotransducer in 

chondrocytes (Vincent et al., 2012). 

 

Tissue Water 

Tissue water makes up 80% of the wet weight in hyaline articular cartilage, and it is found to 

be 80% wet weight near the surface and 65% in the deep zone (Flik et al., 2007). A small 

amount of water is contained in the cytoplasm of chondrocytes, whereas approximately 30% 

of the water is present in the intrafibrillar space of collagen (Mow et al., 2005). The 

extracellular tissue fluid comprises inorganic salts such as sodium, calcium, chloride and 

potassium (Sophia Fox, Bedi, & Rodeo, 2009). The movement of the water supports nutrient 

transportation to chondrocytes.  
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1.2.2.2. Chondrocytes 

Healthy cartilage is mostly populated by chondrocytes that usually contain a round or 

oval-shaped nucleus (Lin, Willers, Xu, & Zheng, 2006). These cells contain a pair of 

centrioles, Golgi apparatus, elongated mitochondria, rough endoplasmic reticulum, secretory 

granules, vesicles, intermediate filaments, microtubules and actin microfilaments (Lin et al., 

2006).  

Chondrocytes are highly specialized cells residing in a hypoxic, nutrient-poor environment 

and are responsible of the homeostasis of cartilage, orchestrating processes such as the 

synthesis, assembly, organization and degradation (Mow et al., 2005). They maintain a 

balance between anabolic and catabolic activities in healthy cartilage, and disturbance 

ultimately leads to cartilage pathologies.  

 

Cytokines 

Various cytokines regulate chondrocyte proliferation, differentiation, matrix synthesis and 

degradation (Mow et al., 2005). These regulators have either anabolic or catabolic effects; 

some even possess both: insulin growth factor (IGF)-

and bone morphogenetic proteins (BMPs) are principally anabolic; interleukin (IL) 

catabolic (Mow et al., 2005).  

proliferation, and cartilage-specific collagen and proteoglycan synthesis (Goldring, Birkhead, 

Sandell, Kimura, & Krane, 1988; M. Iwamoto, Koike, Nakashima, Sato, & Kato, 1989; 

Morales & Hascall, 1989). It also stimulates matrix metalloproteinase (MMP) production 

(Fernandes, Martel-Pelletier, & Pelletier, 2002), as well as inflammatory mediators such as 
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inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX) 2 (Mow et al., 2005). 

-Pelletier et al., 1992; 

Melchiorri et al., 1998).  

bolism. It also 

downregulates synthesis of collagen II (Campbell, Piccoli, Roberts, Muirden, & Hamilton, 

1990), and is upregulated in OA (Mow et al., 2005).  

 

Metalloendopeptidases 

Metalloendopeptidases include three major groups of enzymes: a disintegrin and 

metalloproteinase (ADAM), matrix metalloproteinase (MMP) and the others that do not 

belong in the ADAMs or the MMPs. 

Within the ADAM group, there is a sub-group known as the a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS), which consists of 19 secreted 

enzymes, some of which are involved in proteoglycan degradation and other biological 

processes (Le Goff & Cormier-Daire, 2011). ADAMTS 4 and 5 are believed to be the key 

enzymes in OA for their ability to cleave aggrecan (Stanton, Melrose, Little, & Fosang, 2011)  

ADAMTS5 knock-out (KO) murine model showed less aggrecan loss and cartilage erosion 

(Bateman et al., 2013). Immobilisation of surgically induced OA mice showed that proteases 

such as ADAMTS4 and 5 are mechanosensitive (Burleigh et al., 2012). Inhibitors of 

ADAMTS4 and 5 activities have been studied as future therapeutic targets for OA (Fosang & 

Little, 2008). 

The MMP group consists of 24 members which can be further divided into 5 groups, 

depending on their function. They degrade a wide range of ECM components such as 

collagen, proteoglycan and fibronectin (Mow et al., 2005). MMP3, 9 and 13 have been found 
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to be the key enzymes in OA that cleaves type II collagens and proteoglycans (Fernandes et 

al., 1998; Fosang, Last, Knauper, Murphy, & Neame, 1996; Lin, Chen, & Torzilli, 2004; van 

upregulated in OA (Mow et al., 2005). The MMPs can be inhibited by tissue inhibitors of 

metalloproteinases (TIMPs), and MMP activities depend on the ratio of MMPs and TIMPs 

(Wang, Almqvist, Veys, & Verbruggen, 2002). Surgically induced OA by destabilisation of 

medial meniscus in MMP13 KO murine model showed less cartilage degradation (Little et al., 

2009).  

 

1.2.2.3. Zonal Arrangement and Matrix Region 

Hyaline articular cartilage can be divided into different zones. Such zonal arrangement based 

on collagen fibril thickness and orientation, proteoglycan content and ion concentration 

divides the cartilage into four zones of different thickness along the depth of hyaline articular 

cartilage: superficial (10-20%), middle (40-60%), deep (30%), and calcified zone (Mow & 

Hung, 2001; Pritzker, 2003). There is a gradient of collagen concentration that is highest on 

the top and lowest on the bottom, and vice versa for proteoglycan concentration (Muir, 

Bullough, & Maroudas, 1970). The size and the arrangement of collagen fibrils also differ 

with depth (Weightman & Kempson, 1979). 

The superficial zone is important to cartilage durability since it is the first region that directly 

receives physical impact. It can be further divided into two layers: the acellular, non-fibrous 

sheet structure termed the lamina splendens (Kumar et al., 2001) and the underlying cartilage 

tissue. The diameter of collagen fibrils is between 10 and 34 nm (Muir et al., 1970). Fibrils 

are arranged into bundles or sheets, which are parallel to the articular surface (Weightman & 

Kempson, 1979). The middle zone is the thickest zone of the hyaline articular cartilage. The 
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diameter of collagen fibrils found in the middle zone is between 70 and 100nm (Muir et al., 

1970). In the deep zone, the collagen fibrils are found to be 140 nm in diameter (Muir et al., 

1970) and perpendicular to the subchondral bone (Weightman & Kempson, 1979).  

1.2.2.4. Joint Loading 

Chondrocytes are known to respond to mechanical stimuli and joint loading is known to be 

crucial for cartilage maintenance. Mechanical stimuli may alter biochemical and cellular 

behaviour, resulting in changes in matrix and cell structure, hydrostatic and osmotic pressure, 

fluid flow, matrix water content, ion concentration and fixed charge density (Ramage, Nuki, 

& Salter, 2009). Mechanoreceptors such as mechanosensitive ion channels and integrins 

respond by initiating cellular cascade which results in tissue remodelling (Ramage et al., 

2009). Abnormal loading can lead to inflammation and degradation by the expression of 

pro-inflammatory cytokines and MMPs (Thijssen et al, 2015). High-magnitude cyclic tensile 

loading has been shown to upr

Honda et al., 2000).  

 

1.2.3. Osteoarthritis 

1.2.3.1. Clinical Features 

OA is described as a degenerative joint disease which affects the hyaline articular cartilage, 

subchondral bone and synovium. The most apparent manifestation of the disease is damaged 

cartilage with insufficient ability to self-repair. It was once thought of as a wear-and-tear 

disease, but there is increasing evidence suggesting that low-grade, chronic inflammation, 

catabolic enzymes, complement system and metabolism are involved, even in its early stages 

(Felson, 2006; Q. Wang et al., 2011). Moreover, due to the multiple risk factors and 

aetiologies of OA, researchers are starting to investigate the possibility that OA is an 
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accumulation of multiple diseases with similar end results. While OA is most commonly 

found in load-bearing joints such as knees and hips, it can also be found in 

non-weight-bearing joints in hands, suggesting possible systemic mediators in certain 

sub-groups of patients.  

OA is characterised by focal and progressive loss of hyaline cartilage and the changes in the 

underlying bone. It is the most prevalent form of arthritis and one of the major causes of pain 

and disability (Flores & Hochberg, 2003; Mow et al., 2005). Clinical features such as joint 

pain, stiffness and joint shape alteration may be present; other signs include crepitus, 

movement restriction, tenderness, effusion and muscle wasting and weakness; functional 

impairment is also a clinical feature of OA (O'Reilly & Doherty, 2003).  

Joint pain is the most dominant symptom in OA. It has a positive correlation with the degree 

of structural changes. In particular, synovitis is associated with increased joint pain and 

dysfunction. Other tissues have also been proposed to contribute to the development of OA 

through the secretion of pro-inflammatory cytokines. These include the infrapatellar fat pad 

(Eymard & Chevalier, 2016; Ioan-Facsinay & Kloppenburg, 2013), synovium (Ogura et al., 

2016; Scanzello & Goldring, 2012) and the menisci (Ogura et al., 2016). Further, joint 

inflammation, particularly in cases of synovitis suggest that cytokines participate in pain 

generation by acting on innervating nociceptors (Miller, Miller, & Malfait, 2014). Proalgesic 

molecules, such as nerve growth factor, are produced by damaged joint tissues in a murine 

OA model (Driscoll et al., 2016). 

Functional impairment due to pain, muscle weakness and movement restrictions contributes 

to overall disability. It results in poor mobility, difficulty with daily activities, social isolation 

and loss of work opportunities (O'Reilly & Doherty, 2003). It may further lead to anxiety and 

depression in patients (Scopaz, Piva, Wisniewski, & Fitzgerald, 2009). Functional 
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impairment not only affects the well-being of individual patients, but also has serious 

implications in society, healthcare system and other fields.   

 

1.2.3.2. Epidemiology 

OA was estimated to affect 151.4 million of the global population in 2004 (Mathers, Fat, & 

Boerma, 2008). In 2005, it was estimated to affect 27 million of the US population, and 37% 

of the participants over 60 years old had knee OA according to the Third National Health and 

Nutrition Examination Survey (R. C. Lawrence et al., 2008). In 2004, OA was ranked 5th (2.8 

millions) in the leading causes of years lived with disability (YLD) in high-income countries 

(Mathers et al., 2008). 

In 2010, all forms of arthritis were estimated to affect more than 530,000 New Zealanders, of 

which 305,000 were affected by OA (Access Economics Pty Limited, 2010; Arthritis New 

Zealand, 2012). An earlier dataset in 2003 showed that OA sufferers had reduced time spent 

on daily activity in 32.2% of the patients, and had difficulty performing daily activities in 

44.9% of patients (Access Economics Pty Limited, 2010). OA is the 6th largest disability 

burden and accounts for 70% of disability-adjusted life years (DALYs) due to arthritis and 

2% of total DALYs in NZ (Access Economics Pty Limited, 2010). 

The cost of arthritis in the NZ health sector was estimated to be 22% ($695m) of the total 

financial cost in 2010, of which approximately one third ($237m) of this cost represented the 

hospital costs such as OA knee and hip surgeries (Access Economics Pty Limited, 2010). Of 

all the public inpatient costs spent on arthritis, 79% were spent on OA; more specifically, 

40% on hip OA, 31% on knee OA and 8% on other kinds of OA (Access Economics Pty 

Limited, 2010). 
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The raw prevalence rates of OA by gender and ethnic group (  vs. Non- ) are found 

to be 4.6% in male i, 4.8% in female , 6.9% in male Non-  and 11.6% in 

female Non-  (Access Economics Pty Limited, 2010). Overall, the  population has 

lower prevalence rates in OA because of the younger distribution of the population (Access 

Economics Pty Limited, 2010).  

 

1.2.3.3. Risk Factors 

Risk factors for the development of OA can be divided into systemic, intrinsic and extrinsic 

factors (Felson, 2003). Systemic factors include age, gender, oestrogen deficiency in women, 

race, genetics, bone density and nutrition. Of these, age and gender are the most significant. 

The incidence rates of hand, hip and knee OA are strongly correlated with age (Oliveria, 

Felson, Reed, Cirillo, & Walker, 1995). For example, the prevalence of radiographic knee 

OA in the USA is found to be 36.1% in the 65-74 age group, which is significantly higher 

than 26.2% in 55-64 year olds and 14.9% in people aged 45-54 years (Jordan et al., 2007). 

Prevalence of OA in New Zealand is shown in Table 1-2. The female population is more 

susceptible to OA. For example, Caucasian prevalence of radiographic knee OA is higher in 

females than males overall (29.8% vs. 22.9%), and mostly higher in females across different 

age groups (Jordan et al., 2007). Gender difference may be partly related to oestrogen 

deficiency in women due to menopause, as oestrogen replacement therapy has been found in 

many epidemiology studies to be associated with a reduced risk in OA, along with anatomical 

differences (Felson, 2003). Racial differences are also observed, especially between Asians 

and Caucasians where the former were found with a lower rate (Felson, 2003). Bone density 

is greater in OA patients; patients with osteoporosis are also found to have a lower expected 

frequency of OA (Felson, 2003). Genetic factors are also related to the occurrence of OA, and 

are known to assert pathological effects between 39-65% in hand and knee OA in women 
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(Spector, Cicuttini, Baker, Loughlin, & Hart, 1996). In terms of nutrition, ascorbic acid and 

vitamin D both have protective effects against OA (Felson, 2003).  

 All Ethnicities  Non-  

Age All Female Male All Female Male All Female Male 
25-34 5.7 4.3 1.4 1.4 1.2 0.2 4.3 3.1 1.2 
35-44 11.0 5.1 5.9 1.1 1.1 - 9.9 4.0 5.9 
45-54 50.4 26.5 23.9 7.7 2.6 5.1 42.7 23.9 18.8 
55-64 73.3 46.4 27.0 5.4 2.8 2.6 67.9 43.6 24.3 
65-74 80.9 50.3 30.6 3.5 1.9 1.7 77.4 48.5 28.9 
75- 83.7 60.0 23.7 1.2 1.2 - 82.4 58.8 23.7 

 

Intrinsic factors are risk factors within the local joint environment that exert pathological 

effects. Congenital and developmental deformities are found to be associated with hip OA. 

Examples include congenital dislocation, Legg-Perthes disease and slipped femoral capital 

epiphysis (Felson, 2003). Major joint injuries are also found to alter the biomechanics, 

increase stress on specific sites, and increase risk of OA (Felson, 2003). Other factors include 

muscle weakness, joint malalignment, proprioceptive deficiencies and ligament laxity (Felson, 

2003). 

Extrinsic factors include obesity, muscle weakness and repeated joint use (Felson, 2003). 

Obesity is a major risk factor of OA. As defined by body mass index (BMI), obese men are 

4.78 times greater risk of radiographic OA compared to normal weight men, whereas obese 

women have 3.87 times greater risk (J. J. Anderson & Felson, 1988). It is believed that 

weight increases risks of OA via two mechanisms. Firstly, weight induces cartilage 

breakdown by excessive loading, which is upheld by the strong association of high BMI and 

more frequent OA in the weight-bearing joints. Secondly, however, since there is also 

evidence that overweight population are at higher risk of hand OA, an involvement of a 
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systemic factor is suggested (Felson, 2003). There is also evidence that hand OA could be 

used to predict future development of hip or knee OA (Dahaghin et al., 2005).  

Furthermore, muscle weakness, specifically the quadriceps, is associated with knee OA 

(Slemenda et al., 1997). It is proposed that quadriceps contraction reduces the impulse 

loading during the gait cycle and hence protects against knee damage (Jefferson, Collins, 

Whittle, Radin, & O'Connor, 1990). Excessive repetitive joint use can be further divided into 

different types, occupational and athletic activities (Felson, 2003). Different occupations 

seem to attribute higher risks of OA at specific joints (Kellgren & Lawrence, 1952; J. S. 

Lawrence, 1961; Thelin, Vingard, & Holmberg, 2004). Professional athletes seem to be at 

higher risk of developing OA compared to recreational sports persons (Kujala et al., 1995; 

Spector et al., 1996). 

A large field number of studies, particularly in sports science, have focused on the effects of 

anterior cruciate ligament (ACL) injury and knee OA which follows the injury. The cause of 

knee OA remains unclear with suggestions of knee instability causing secondary injury, or 

damage to hyaline articular cartilage, subchondral bone and menisci, or activation of 

inflammatory pathways from intra-articular bleeding (Lohmander & Roos, 2007; Wong, 

Khan, Jayadev, Khan, & Johnstone, 2012). Both surgically treated and non-treated ACL 

rupture is associated with increased risk of OA (Feller, 2004). Currently there is no evidence 

supporting ACL reconstruction in prevention of knee OA (Wong et al., 2012). 

 

1.2.3.4. Classification 

OA can be classified into primary and secondary OA. Primary OA is defined as the 

age-related OA occurring without previous injury or other known cause. However, after the 

identification of many other local risk factors, this distinction between primary and secondary 
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OA becomes unclear. Cases of OA due to metabolic, mechanical, traumatic and 

inflammatory factors are all regarded as secondary OA (Nelson & Jordan, 2013). However, 

the multitude of risk factors and underlying aetiologies calls for a demand for a more specific 

classification and corresponding treatment methods.  

1.2.3.5. The Osteoarthritic Joint 

Normal hyaline articular cartilage bears four features: 1) stable population of chondrocytes 

that, when received appropriate stimuli, undergoes cell replication and ECM remodelling, 2) 

a high ratio of ECM to chondrocytes, 3) paucity of blood vessels, and 4) capability to bear 

recurrent, variable mechanical stress (Pritzker, 2003). These features are lost in the OA joint 

and replaced by a number of histopathologic features. Collagen fibrils are degraded and 

proteoglycans are depleted, leading to an abnormal increase of water (oedema) in early OA. 

Such cartilage is enlarged and mechanically weaker, leading to cartilage erosion and 

chondrocyte apoptosis/necrosis (Pritzker, 2003). A decrease in the chondrocyte population 

inevitably leads to reduced production of ECM components, which in turn further weakens 

the cartilage and initiates a cycle of deterioration (Pritzker, 2003). There is a loss of the 

delicate synthetic balance of the molecules in the OA joint as a result of pathological changes 

and attempts to repair cartilage tissue. 

 

Cartilage: Extracellular Matrix 

Collagen: In early OA, the collagen network breaks up and loses tensile properties and hence 

decreases the resistance of osmotic properties (Heinegard, Bayliss, & Lorenzo, 2003). This 

results in hypertrophy/swelling of cartilage tissue. There is a significant increase of water in 

degenerating hyaline articular cartilage, influencing the mechanical, swelling and 

fluid-transport properties (Armstrong & Mow, 1982; Narmoneva, Wang, & Setton, 2001).  
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Collagen synthesis is upregulated in OA, but there was no increase in collagen content 

(Pearle, Warren, & Rodeo, 2005; Videman, Eronen, & Friman, 1981). Type II collagen seems 

to be most affected in OA, since studies have shown that collagenases cleave only within the 

type II collagen triple helix, and not within type IX or type XI collagen (Byers, 2001). 

Studies have also reported that type II collagen is replaced by type I collagen, which is a 

major component of subchondral bone tissue (Lahm et al., 2010).  

Proteoglycans: It is well known that proteoglycans are degraded in the early stages of OA 

and the resulting fragments are released into the synovial fluid (Saxne, Wollheim, Pettersson, 

& Heinegard, 1987). Certain proteases in OA are capable of degrading proteoglycan into 

monomers, resulting in diffusion of fragments out of the cartilage (Martel-Pelletier, Boileau, 

Pelletier, & Roughley, 2008). Aggrecan is most affected, as progressive depletion with the 

severity of OA has been observed despite increased synthesis (Martel-Pelletier et al., 2008). 

Aggrecan is commonly cleaved at the interglobular domain by MMPs and aggrecanases, 

resulting in a significant loss of aggrecan function (Struglics et al., 2006). In early OA, 

MMP13 is mainly expressed in the lower middle and deep zone, while aggrecanases are 

expressed in the superficial layer (Chambers et al., 2001; Fernandes et al., 1998; Moldovan, 

Pelletier, Hambor, Cloutier, & Martel-Pelletier, 1997). 

In response to aggrecan degradation in OA, studies have found mixed results in aggrecan 

synthesis. Some found increased aggrecan synthesis (Carney et al., 1992; Lippiello, Hall, & 

Mankin, 1977; Mankin & Lippiello, 1971), whereas some found the opposite effect in OA 

(Goldring, 2000; Nam et al., 2012). This may be the result of different regions of cartilage, 

subtypes or stages of OA being examined. The newly synthesized aggrecan forms 

proteoglycan aggregates that remain in early OA cartilage but are released into synovial fluid 

in later stages (Lohmander, Ionescu, Jugessur, & Poole, 1999). The newly synthesized 

aggrecan consists of less keratan sulphate and more chondroitin-4-sulfate relative to 
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chondroitin-6-sulfate, which bears more similarity to that of juvenile cartilage (Cs-Szabo, 

Roughley, Plaas, & Glant, 1995). 

 

Cartilage: Chondrocytes 

Autophagy: Autophagy, or autophagocytosis, is a process in which the cells degrade the 

dysfunctional or unnecessary cellular components by lysosomes (Maiuri, Zalckvar, Kimchi, 

& Kroemer, 2007). This process is upregulated in human OA chondrocytes and is not present 

in normal chondrocytes (Sasaki et al., 2012). It is also found that autophagy has a protective 

2). Autophagy regulators can be reduced in OA or in 

-Bryan, 2011). 

Cellular Components: In the last few years, it has been hypothesised that telomere 

shortening and mitochondrial dysfunction contributes to the development of OA. Slow 

proliferating tissues such as cartilage are affected by the ageing process via reactive oxygen 

species (ROS) induced stress (Lotz, 2012). Shortened telomeres suppress regulators of 

mitochondrial function that results in a decrease in adenosine triphosphate (ATP) levels and 

increases ROS leading to gene expression abnormality and cell death (Sahin et al., 2011). 

Mitochondria are also responsible for the formation of inflammasomes and activation of 

several inflammatory pathways (Lotz, 2012). The importance of mitochondria is reinforced 

by observations of mitochondrial dysfunction and DNA mutations in OA chondrocytes (J. 

Kim et al., 2010). In addition, it is suggested that in OA, reduction of autophagy regulators 

compromises autophagy, causing the inability to remove dysfunctional cellular components 

such as dysfunctional mitochondria, which can advance the progression of OA (Carames, 

Taniguchi, Otsuki, Blanco, & Lotz, 2010). 
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Changes in other cellular components have also been observed. OA chondrocyte cytoplasm 

becomes basophilic and the Golgi apparatus enlarges in growing or regenerating cartilage 

(Lin et al., 2006). The percentage of ciliated chondrocytes and the primary cilia length are 

increased in OA (McGlashan, Cluett, Jensen, & Poole, 2008), yet loss of primary cilia can 

also lead to symptoms of early OA (Chang, Ramaswamy, & Serra, 2012). Chondrocytes also 

undergo hypertrophy-like changes in both the early and late stages of OA (van der Kraan & 

van den Berg, 2012).  

Martel-Pelletier, Lajeunesse, Pelletier, & Fahmi, 2011). These cytokines are upregulated in 

OA and lead to increased expression of metalloendopeptidases such as ADAMTS and MMPs 

(Mow et al., 2005). These cytokines and metalloendopeptidases are the key regulators of 

cartilage destruction. 

cytokines with various implications in 

OA (Table 1-3

synovial membrane and synovial fluid (Martel-Pelletier, Lajeunesse, & Pelletier, 2005). 

the main targets of therapeutic strategies (Kapoor et al., 2011). Other catabolic cytokines such 

as IL6, IL8, IL15, IL17, IL18, IL21 and leukaemia inhibitory factor may also have 

implications in OA (Kapoor et al., 2011). IL2, IL5, monocyte chemotactic protein (MCP) 1 

and macrophage inflammatory protein (MIP) 1 are also increased in synovial fluid of OA 

patients (Vangsness, Burke, Narvy, MacPhee, & Fedenko, 2011).  
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Cytokine Functions 

 reduces synthesis of proteoglycan, link protein and type II collagen 

stimulates production of MMP1, 3 and 13 

increases production of IL6, IL8, MCP1 and Regulated on Activation, Normal T 

Cell Expressed and Secreted (RANTES) 

 
 

reduces synthesis of collagen II and aggrecan 

stimulates production of MMP1, 3 and 13 

increases production of IL6, IL8, MCP1 and RANTES 

 

2011). Expression of TNFRI is increased in OA chondrocytes (Alaaeddine et al., 1997). 

While both receptors appear actively involved in signal transduction, TNFRI is the major 

responses by binding to interleukin-1 receptor (IL1R) (Arend, 1993), and IL1R expression is 

increased in human OA chondrocytes (Martel-Pelletier et al., 1992).  

al., 2011). Gene expression of iNOS, soluble phospholipase A2, COX2 and microsomal 

prostaglandin E synthase 1 are up

Production of nitric oxide (NO) and prostaglandin E2 (PGE2) 

2 contribute to inflammation and destruction of 
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cartilage by enhancing MMP activation and production, inhibiting collagen and proteoglycan 

synthesis, inhibiting IL1R antagonist, and promoting chondrocyte apoptosis (Kapoor et al., 

stimulate the production of ROS, which results in the generation 

of hydrogen peroxide, peroxynitrite and hydroxyl radicals all of which degrade cartilage 

expression of ROS scavengers such as superoxide dismutase, catalase and glutathione 

peroxidase (Mathy-Hartert et al., 2008). 

Signalling pathway activation is responsible for the pro-inflammatory and catabolic effects of 

s through nuclear factor kappa B 

-2 and 

chemokines, and induces MMP1, MMP9, MMP13, ADAMTS4 and 5 (Kapoor et al., 2011). 

Several studies of knockout mouse models suggest that ADAMTS4 and 5, in particular, are 

found to be involved in the pathogenesis of OA in knockout mouse models (Glasson et al., 

2004; Glasson et al., 2005). Both of these ADAMTS are aggrecanases that catabolize 

aggrecan, and in vivo studies in animals and humans have demonstrated that only ADAMTS4, 

and not ADAMTS5, is up

Wainwright, Lauder, Amos, & Hughes, 2006; Tortorella, Malfait, Deccico, & Arner, 2001). 

ADAMTS5 is suggested to be the predominant ADAMTS in OA pathogenesis according to 

genetic knockout experiments (Kapoor et al., 2011).  

IL6 is another important cytokine associated with OA, although its precise functions still 

remain unclear. Several studies have demonstrated the detrimental effects of IL6 in OA 

development: serum and synovial fluid IL6 concentrations are higher in OA patients 

compared to healthy individuals, and there is evidence suggesting an inverse relationship 

between synovial fluid IL6 and hyaluronan (Kaneko et al., 2000); IL6 was shown to induce 
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proteoglycan loss by upregulating MMP3, MMP13, ADAMTS4 and ADAMTS5 in primary 

mouse chondrocytes (Latourte et al., 2015).  

In contrast, some studies have found beneficial effects of IL6. IL6 knockout mice were found 

to spontaneously develop more severe OA (de Hooge et al., 2005), and when given 

intra-articular injection of IL6, proteoglycan loss was reduced (van de Loo, Kuiper, van 

Enckevort, Arntz, & van den Berg, 1997). IL6 has been shown to increase GAG production 

in healthy chondrocytes and decrease GAG loss from OA chondrocytes (Tsuchida et al., 

2012).  

 

Subchondral Bone 

The initial OA-associated remodelling of subchondral bone includes increased activity in 

bone resorption and formation, and formation of new bone matrix that is more hydrated and 

less dense (Grynpas, Alpert, Katz, Lieberman, & Pritzker, 1991; Pritzker, 2003). The overall 

increase in bone volume, however, causes the subchondral plate to be stiffer than normal 

(Burr & Schaffler, 1997). As the disease progresses, trabecular microfractures occur and 

contribute to further stiffening (Pritzker, 2003). Cartilage may be eroded completely, and the 

smooth and shiny (eburnated) bone surface emerges. This eburnated surface becomes 

corrugated with ridges and grooves due to inter-bone articulation (Rogers & Dieppe, 1993). 

Other abnormalities include osteophytes, bone cyst, bone marrow lesions, and osteosclerosis 

and osteoporosis in regions of increased and decreased stress, respectively (Pritzker, 2003). 

 

Synovium  

The synovium usually consist of two layers: the outer layer (subintima) and the inner layer 

(intima). The intima consists of a layer of macrophages and synoviocytes that removes waste 
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products and produces hyaluronan for joint lubrication, respectively. In OA, the synovium 

becomes inflamed and is believed to play an important role in OA progression. Features of 

OA synovitis include hypertrophy and hyperplasia in the synovium, inflammatory cellular 

infiltrate, angiogenesis, and production of inflammatory mediators (Sellam & Berenbaum, 

2010). The majority of OA patients have thickening, increased vascularity and inflammatory 

cell infiltration in the synovium (Smith, Triantafillou, Parker, Youssef, & Coleman, 1997). 

Early OA synovitis shows more lymphocyte and macrophage infiltration and increased blood 

vessel formation compared to advanced OA (Benito, Veale, FitzGerald, van den Berg, & 

Bresnihan, 2005), suggesting that synovitis is more severe in the initial development of OA. 

Synovial angiogenesis correlates with the extent of synovial hyperplasia (Marrelli et al., 2011) 

and allows tissue infiltration of inflammatory cells and mediators (Lotz, 2012). The increased 

angiogenesis in synovitis is suggested to be a result of an imbalance between antiangiogenic 

and proangiogenic factors (Bonnet & Walsh, 2005). A wide range of cytokines including 

 

(Furuzawa-Carballeda, Macip-Rodriguez, & Cabral, 2008; Smith et al., 1997). 

 

Infrapatellar Fat Pad 

The discovery of leptin led to the realization that adipose tissue acts more than a fat reservoir 

and plays an active role in physiological and pathological processes (Clockaerts et al., 2010). 

The infrapatellar fat pad is located in the knee between the patellar tendon, femoral condyle 

and tibial plateau, and occupies the entire space between these structures (Clockaerts et al., 

2010). A study showed that one-third of OA patients exhibit inflammatory cell infiltration in 

the infrapatellar fat pad (Macule et al., 2005). Increased numbers of neutrophils, eosinophils, 

basophils, monocytes and lymphocytes have been observed in OA infrapatellar fat pad 

(Clements et al., 2009; Jedrzejczyk, Mikusek, Rudnicki, & Lopata, 1996). The infrapatellar 
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fat pad is a source of leptin and adiponectin, which may exert pro-inflammatory effects in OA. 

Leptin and adiponectin are known to stimulate chondrocytes to 

and expression of a wide range of other pro-

(Ushiyama, Chano, Inoue, & Matsusue, 2003) and MMPs (Lago et al., 2008; Simopoulou et 

al., 2007; Vuolteenaho et al., 2009).  

 

1.2.3.6. OA as a Metabolic Disease 

For decades, OA has been thought as a purely mechanical, wear-and-tear disease and a 

natural process of ageing. Treatment and management are restricted to pain management and 

passive methods such as exercise and weight control, which are not curative. The only 

effective method is arthroplasty in which an artificial joint replaces the degenerated joint. 

However, the procedure is highly invasive and can be financially demanding for the patients 

and/or the government that subsidises such surgery.  

The most likely reason to explain the lack of successful pharmaceutical treatments such as 

disease modifying OA drugs (DMOADs) is that OA is not a single entity, but a group of 

common end-results originating from individual diseases which may overlap with each other. 

The synovial joint is a complex organ involving different kinds of tissues, in which a delicate 

homeostasis is necessary to maintain normal function. Indeed, multiple risk factors associated 

with OA such as age, gender, weight, previous traumatic history and many other risk factors 

have been identified, and they do not co-exist in an individual with developing OA. Often 

when an OA case is diagnosed, the observation is the seemingly common aftermath of 

cartilage degeneration and mild inflammation around the articular joint. Yet there are few 

appropriate tools to efficiently and economically identify the cause of the disease for each 
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individual case, or the specific intervention to slow down degeneration, reduce symptoms 

and/or restore function. 

In 2013, Sellam and Berenbaum suggested a 5-category classification of OA phenotype: 

post-traumatic, metabolic, ageing-related, genetic and pain-related, of which, metabolic OA 

occurs mainly in younger adults between 45 and 65, and has been nominated as a novel 

component of metabolic syndrome (Zhuo, Yang, Chen, & Wang, 2012). The emerging 

viewpoint denotes metabolic syndrome, a combination of disorders including dyslipidaemia, 

hypertension, insulin resistance and obesity, as a driving force of metabolic OA development 

mainly through additional mechanical stress (due to increased body mass) and 

pro-inflammatory adipokine secretion (Kluzek, Newton, & Arden, 2015; Sellam & 

Berenbaum, 2013). Proposed mechanisms for the development of metabolic OA in 

association with each component of metabolic syndrome have been discussed in Nature 

Reviews Rheumatology (Zhuo, Yang, Chen, & Wang, 2012). The association between 

metabolic syndrome and metabolic OA is supported by studies which found a) higher risk of 

knee OA in metabolic syndrome patients compared to obese individuals (Sowers et al., 2009), 

b) additive effects of hypertension and diabetes on the risk of hand OA in overweight patients 

(Dahaghin, Bierma-Zeinstra, Koes, Hazes, & Pols, 2007), and c) higher prevalence of 

metabolic syndrome in OA patients compared to the general population (Puenpatom & Victor, 

2009). In metabolic OA, obesity contributes to the extra mechanical stress on the 

weight-bearing joints. However, the association between obesity and OA in the non-weight 

bearing joints has also been observed (Carman, Sowers, Hawthorne, & Weissfeld, 1994; 

Cicuttini, Baker, & Spector, 1996; Felson, 1996), hence suggesting the presence of systemic 

mediators that lead to OA development in non-weight-bearing joints. These systemic 

mediators include adipokines, glucose, oestrogen, progesterone and the focus of this thesis, 

advanced glycation end-products (AGEs). 
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1.2.4. Advanced Glycation End-products 

Chronic diseases have become a major health issue in the aging society due to better 

treatments for infectious diseases and improved quality of healthcare. In addition to 

increasing lifespans, the western lifestyle in particular results in increased consumption of 

highly processed food and sugar, contributing to the increase of chronic diseases 

(Ruiz-Nunez, Pruimboom, Dijck-Brouwer, & Muskiet, 2013). Many chronic diseases involve 

the accumulation of age-related, non-degradable modified biomolecules due to impaired 

repair or removal systems. One of the best studied groups of biomolecules is the AGEs.  

Since the 1980s, AGEs have been recognized as the mediators of ageing (Henle, 2009). They 

form when proteins exposed to sugars undergo non-enzymatic glycosylation (Goldin, 

Beckman, Schmidt, & Creager, 2006). This heterogeneous group of modified molecules has a 

multitude of complex structures (Figure 1-5), and accumulate in the body with long half-lives. 

The group affects extracellular and intracellular structures and the function of various cell 

types by binding to protein molecules to form protein-adducts or protein crosslinks within the 

ECM, and by binding to AGE receptors (Goldin et al., 2006) such as receptor for advanced 

glycation end-products (RAGE), advanced glycation end-product receptor (AGER) 1, 80K-H, 

galectin-3, CD36, lectin-like, oxidized low-density lipoprotein receptor-1 (LOX-1), 

scavenger receptors (SR)-A, SR-B1 and others (Figure 1-6) (Iacobini et al., 2003; Kuniyasu 

et al., 2003). These receptors have different functions following AGE binding, most of which 

are not fully understood. The most well characterised receptor is RAGE, which upregulates 

pro-inflammatory cytokines and degradative MMPs when bound with AGEs (Nah et al., 

2007). 
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1.2.4.1. AGE Formation 

AGEs are formed via various mechanisms from heterogeneous precursors (Vistoli et al., 

2013). AGEs can occur exogenously by heating food or endogenously through metabolism 

(Henle, 2009). Exogenous formation is termed the Maillard reaction, named after the French 

discoverer in early 20th century (Mallipattu, He, & Uribarri, 2012). The Maillard reaction is 

often divided into three stages: early, intermediate and final, even though these reactions 
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occur almost simultaneously (Henle, 2009). The early stages of the Maillard reaction 

primarily result in lysine derivatives and Amadori products, which are transformed into 

1,2-dicarbonyl compounds in the intermediate stage (Figure 1-5). AGEs are believed to be 

formed by the reactions of 1,2-dicarbonyl compounds with basic amino acid residues 

(especially lysine and arginine) or Amadori products. In the exogenous setting, the reactions 

lead to AGEs such as carboxymethyllysine (CML), pyrraline, pentosidine and other complex 

lysine dimer structures. Furosine ((N6-(2-(2-Furanyl-2-oxoethyl))-L-lysine) is an AGE 

structure typically found in heated foods (Vistoli et al., 2013). 

 

 

 

Endogenous formation consists of three pathways: the Maillard reaction, polyol pathway and 

lipid peroxidation (Figure 1-7). In contrast to exogenous formation, the endogenous Maillard 

reaction can be generalized as the condensation of the carbonyl group of a reducing sugar 
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with a free amino group of a protein/nucleic acid/lipid molecule, followed by the formation 

of Schiff Bases (aldimin) via hydrolysis, and in turn the formation of Amadori products, 

which go through further modifications to become AGEs. Alternatively, hydrogenation may 

occur in place of hydrolysis, and the combined molecule becomes sorbitol, which undergoes 

-oxalaldehydes and in 

-oxalaldehydes through 

autoxidation, a process named the Hodge Pathway. Formation of AGEs does not always 

depend on the formation of Amadori product. Degradation of lipids and amino acids, 

dissociation of dicarbonyl compounds from aldimins (Namiki Pathway) and autoxidation of 

monosaccharaides (Wolff Pathway) can also form AGEs. 

Furthermore, lipid peroxidation leads to the formation of dicarbonyl compounds arising from 

polyunsaturated fatty acids being attacked by ROS. Some of these compounds may be 

identical to those derived from glucose (such as methylglyoxal and glyoxal) and some may be 

specifically from lipid peroxidation (such as malondialdehyde) (M. X. Fu et al., 1996; Miyata, 

Inagi et al., 1998). These dicarbonyl compounds react with amino acids to form end-products. 

For this reason, some end-products can be regarded as both AGEs and advanced lipoxidation 

end-products (ALEs) defined by the different origins, while some end-products are specific to 

respective heterogeneous groups.  

Three of the well-established AGE precursors are glyoxal, methyglyoxal and 

3-deoxygluocosone (3-DG). Glyoxal is the smallest dialdehyde and can be found in all foods 

(Vistoli et al., 2013), as well as in combustion processes (e.g. cigarette) and in the natural 

environment (e.g. soil) (T. Fu et al., 2008). Glyoxal is known to play a key role in protein 

glycation since more than 90% of glyoxal in biological matrices is bound to cysteine, lysine 

and arginine residues (Vistoli et al., 2013). Methylglyoxal is ubiquitous in living cells and 

exists in most foods (Vistoli et al., 2013). Its concentration increases with processes such as 
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cooking (Pfeifer, Haase, & Kroh, 2013), fermentation and storage (Nemet & 

Varga-Defterdarovic, 2007). Similar to glyoxal, methyglyoxal can be found in the 

environment in cigarette smoke or drinking water. However, methylglyoxal has a greater 

crosslink efficiency compared to glyoxal due to its increased stability (Meade, Miller, & 

Gerrard, 2003). Both glyoxal and methylglyoxal were shown to preferentially modify 

arginine instead of lysine residues (Nagai et al., 2000). Another precursor 3-DG is a highly 

reactive dicarbonyl compound mainly formed from Amadori products (Niwa, 1999). It gives 

rise to a variety of AGEs, most abundantly to imidazolones and CML (Jono et al., 2004). 

Besides these three precursors, AGEs can also form via the rearrangement of Amadori 

products. These precursors give rise to different but not mutually exclusive AGEs.  

 

1.2.4.2. Pharmacokinetics and Accumulation 

The pharmacokinetics of AGEs is often studied in diabetic patients, since the relationship 

between diabetic patients and AGEs has been widely studied. Intake of dietary AGEs 

contributes to the AGE pool in the body, and a high-AGE diet increases the serum AGE 

levels in diabetic patients (Koschinsky et al., 1997), whereas dietary restriction reduces serum 

AGE level by 30-40% in healthy individuals (Goldin et al., 2006). Mechanisms of absorption 

of dietary AGEs are not well understood. One study found that pyrraline is absorbed by 

peptide transporter hPEPT1 (Geissler et al., 2010).  

The main metabolic site of AGEs still remains controversial. Some studies support the main 

site to be the liver (Svistounov et al., 2013; Takata et al., 1988; Z. Yang et al., 1991), while 

some found evidence for the kidneys (Gugliucci & Bendayan, 1996; Miyata, Ueda et al., 

1998). Hepatic disposal of large molecular weight AGEs mainly takes place in the liver 

sinusoidal endothelial cells and Kupffer cells by endocytosis followed by proteinase activity 
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(Svistounov et al., 2013). Both monomeric and crosslinked AGEs were efficiently removed 

from the circulation after an intravenous injection of AGEs in rats (Smedsrod, Melkko, Araki, 

Sano, & Horiuchi, 1997). Renal catabolism of AGEs is initiated by the resorption by the 

proximal tubule and followed by endolysosomal apparatus for degradation (Gugliucci & 

Bendayan, 1996). Miyata et al. (1998) found that pentosidine is degraded or modified in the 

proximal tubule then excreted in urine.  

Exogenous AGEs are mainly eliminated by the kidneys (Vlassara & Striker, 2011). Renal 

elimination detoxifies the body of AGEs by filtration or active uptake and secretion. 

Increased consumption of AGEs corresponds to elevated elimination during post-ingestion 

(Koschinsky et al., 1997). However, the large blood supply to the kidneys also means that 

kidneys are directly exposed to more circulating AGEs than other organs, which hence may 

increase their vulnerability to circulating reactive carbonyls and ROS (Vlassara et al., 1994). 

Since diabetic hyperglycaemia increases serum AGEs, it is plausible that early reduction in 

AGE elimination in diabetics occurs before detectable renal impairment. As a result of 

deteriorated elimination, AGEs accumulate in the body and exerts degenerative effects 

intracellularly and extracellularly.  

AGE accumulation with age is observed in the brain (Kimura et al., 1996), lens and retina 

(Gul, Rahman, Salim, & Simjee, 2009), arteries (Nerlich & Schleicher, 1999), erythrocytes 

(Iwata, Ukeda, Maruyama, Fujino, & Sawamura, 2004), liver (Hyogo & Yamagishi, 2008), 

kidney (Schinzel, Munch, Heidland, & Sebekova, 2001), bone (Hein, 2006), muscle and 

tendon (Haus, Carrithers, Trappe, & Trappe, 2007), and cartilage (Verzijl et al., 2002), and 

this accumulation has been linked to various pathologies. Certain AGEs are known to 

accumulate with age in proteins, especially long-lived proteins such as collagens. These 

include carboxyethyllysine (CEL), CML, glyoxal-lysine dimer (GOLD), 
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methyl-glyoxal-lysine dimer (MOLD), pentosidine and vesperlysines (Baynes, 2001). 

Hepatic disposal of AGEs becomes less efficient with age (Svistounov et al., 2013).  

 

1.2.4.3. AGE Concentrations in Health and Disease  

There are different methods to measure AGEs: HA1C blood test, urine sample, AGE skin 

readers (A.G.E. Foundation, 2012), and laboratory techniques including high-performance 

liquid chromatography (HPLC) (Papanastasiou et al., 1994), enzyme-linked immunosorbent 

assay (ELISA) (X. Zhang et al., 2005), immunohistochemistry (IHC) (Soulis et al., 1997) and 

mass spectrometry (MS) (Scheijen et al., 2016). Due to the heterogeneous structures of AGEs 

and differences between laboratories, there lacks a commonly accepted method to measure 

AGEs, a universally established unit of measurement and internal standards (Singh, Barden, 

Mori, & Beilin, 2001). In addition, while skin readers detecting auto-fluorescence are 

probably the most convenient non-invasive method, it cannot be used on highly pigmented 

skin (Chaudhri, Fan, & Davenport, 2013).  

Table 1-4 summarises AGE levels found in healthy and diseased individuals. A 12-year 

follow-up study (Nin et al., 2011) showed that higher levels of AGEs are associated with 

cardiovascular disease (CVD). Individuals who experienced CVD have significantly higher 

fasting plasma AGE levels than those who did not. Another study on coronary artery 

calcification (van Eupen et al., 2013) also found higher levels of plasma protein-bound AGEs 

in diabetic patients than in healthy individuals. Choudhuri et al. (2013) and McNair et al. 

(2009) measured total serum AGEs in healthy subjects and diabetic patients.  
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AGEs No CVD CVD 
 0.92 1.02 
 3.54 3.60 

Pentosidine (pmol/mg) 40.8 49.3 
   

AGEs Healthy NSTEMI 
Total Serum AGEs (µg/ml) 0.6694 1.1925 

   
AGEs Healthy Type 1 Diabetes Mellitus 

Pentosidine (nmol/mmol LYS) 0.51 0.69 
CML (nmol/mmol LYS) 92 105 

   
AGEs Healthy  DNR PDR NPDR 

Total Serum AGEs (µg/ml) 1.02 1.92 2.87 2.34 
   

 

1.2.4.4. Association with Osteoarthritis, Obesity and Exercise 

AGEs and Osteoarthritis 

Degeneration of hyaline articular cartilage is the major symptom in OA and the loss of 

structural integrity can be partially contributed by AGEs through extracellular and/or 

intracellular mechanisms.  

AGEs have been shown to form crosslinks with cartilage collagens resulting in increased 

stiffening of cartilage (Verzijl et al., 2002). Such AGE accumulation in cartilage has been 

shown to independently correlate with both age and OA severity (DeGroot et al., 2004; 

Hirose et al., 2011; Ling et al., 2001; Schwab et al., 2002). Pentosidine levels of cartilage 

from individuals between 80 and 95 year-old are 50-fold higher than those of 20 year-olds 

(Bank, Bayliss, Lafeber, Maroudas, & Tekoppele, 1998). 

AGEs can exert intracellular effects by binding with cellular receptors. Chondrocyte GAG 

synthesis is downregulated by AGEs (Saudek & Kay, 2003). AGEs are also known to 

increase MMP1, 3, (Nah et al., 2007), and 
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ADAMTS4 and 5 in porcine chondrocytes (Huang et al., 2011), which all contribute to 

inflammation and degeneration of the joint. AGEs connective tissue growth 

factor (CTGF) and fibronectin in NRK-49F cells (H. D. Yan, Li, Xie, & Li, 2007)

CTGF have been shown to be inductive factors of fibronectin (Sakata, Meng, & Takebayashi, 

2000; Twigg et al., 2002), and it is suggsted that TGF

fibronectin, known to have catabolic properties leading to cartilage catabolism (Zhou, Li, & 

Cai, 2004). 

 

AGEs and Metabolic Syndrome 

In general, metabolic syndrome is defined by a group of disorders including dyslipidemia, 

hypertension, insulin resistance and obesity (Zhuo, Yang, Chen, & Wang, 2012). It had been 

shown that metabolic syndrome can be induced by high-sugar diet (Fukuchi et al., 2004) and 

high-fat diet (Touati et al., 2011) in rats. Both high-sugar (Shimomoto et al., 2012) and 

high-fat diets (Li, Liu, Sigmon, McCort, & Ren, 2005) have also been shown to increase 

AGE accumulation. Moreover, the AGEs have been implicated in each component of 

metabolic syndrome. It was suggested that AGEs contribute to endothelial dysfunction, 

inflammation and oxidative stress and to the development of dyslipidaemia (Bucala et al., 

1994), hypertension (Vasdev, Gill, & Singal, 2007) and insulin resistance (Unoki & 

Yamagishi, 2008). A mouse study examining the effects of dietary AGE showed increased 

risks of obesity in the high AGE diet group (Sayej et al., 2016).  

Metabolic syndrome has been associated with increased risks of CVD (Kaur, 2014). Positive 

association has been established between metabolic syndrome and increased endothelial 

activation, which is an early implication of atherosclerosis. Although a study found no 

correlations between endothelial activation, plasma CML and soluble RAGE (sRAGE) 

concentrations in a cohort of men between 62 and 64 of age, it did not exclude the possibility 
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that other AGE structures may be associated (Sjogren et al., 2007). In fact, another study 

showed a negative correlation between plasma CML concentration and the number of 

metabolic syndrome components in young adults (Sebekova, Krivosikova, & Gajdos, 2014). 

Reduced serum sRAGE and endogenous secretary RAGE (esRAGE) concentrations have 

also been observed in adults with conditions associated with metabolic syndrome (Moriya, 

Yamazaki, Murakami, Maruyama, & Uchiyama, 2014). However, Uribarri et al. (2015) 

compared obese adults with and without at least one metabolic syndrome component. They 

found that obese adults with a metabolic syndrome component had elevated serum CML and 

methyglyoxal. A positive correlation between serum AGE concentration and low-density 

lipoprotein and triglyceride has also been observed (Merhi, 2014). 

 

Obesity 

Obesity is a major health issue and one of the preventable causes of death in the world 

(Barness, Opitz, & Gilbert-Barness, 2007). It is known that obesity is associated with various 

diseases, namely OA. The traditional belief states that obesity contributes to OA via extra 

mechanical load on the weight-bearing joints. However, this is not the whole picture as 

researchers are now finding evidence of the metabolic component of OA, and systemically 

mediated AGEs have been newly identified as a risk factor of OA (Jin et al., 2015; Zhuo, 

Yang, Chen, & Wang, 2012). 

Obese individuals are found to have a higher AGE load in the body (den Engelsen, van den 

Donk, Gorter, Salome, & Rutten, 2012; Uribarri et al., 2015). Although intuitively this can be 

explained by the fact that most appetising foods contain more AGEs due to the type (e.g 

AGEs are highest in animal sources) and the preparation methods (e.g. foods cooked at 

higher temperatures, addition of sugar etc.) (Uribarri et al., 2010), there is evidence that 

AGEs may also contribute to the development of obesity. A recent study provided evidence 
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that AGEs may contribute to the development of obesity by upregulating pro-inflammatory 

Obese 

individuals are also in a state of low-grade systemic chronic inflammation, which may be 

partially contributed by AGEs. Furthermore, accumulated adipose tissue in obese individuals 

also provides an endogenous source of AGEs through lipid peroxidation, i.e. the oxidative 

degradation of lipids (Ott et al., 2014). Enhanced lipid peroxidation is associated with obesity 

(Yesilbursa et al., 2005) and a high-fat diet (Folmer, Soares, Gabriel, & Rocha, 2003). 

Methylglyoxal, one of the major precursors of AGEs was shown to mediate adipocyte 

proliferation (Jia, Chang, Wilson, & Wu, 2012). Based on these findings, there is clear 

relationship between obesity and AGE load, and high AGE levels within the body maybe 

partially responsible or are additive in the processes that drive obesity. 

Exercise 

Exercise is essential to a healthy life and it confers a variety of beneficial effects to our body 

and mental wellbeing. Studies examining the relationship between exercise and AGEs have 

shown beneficial effects on reducing AGE accumulation. One possible exercise-related 

AGE-lowering mechanism has been discussed in a number of publications in the last decade. 

The first publication by Avery and Bailey (2005) suggested that strenuous exercise may 

decrease AGE crosslinking by increasing collagen turnover rate. This notion is supported by 

the findings of Choi et al. (2009), who showed that collagen of exercised rats was less soluble 

than sedentary rats due to fewer AGE crosslinks. 

Serum AGE levels are lowered with exercise as shown in several animal studies. Boor et al. 

(2009) found that regular moderate exercise reduced serum AGEs in obese Zucker rats. 

Delbin et al. (2012) found lower CML in exercised diabetic Wistar rats. Steppan et al. (2012) 

studied the effect of Alagebrium, an AGE crosslink breaker, with exercise on Fisher 344 rats. 

Although the study found significant benefit in combined treatment of Alagebrium and 
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exercise compared to only Alagebrium treatment and no treatment, the outcomes were only 

cardiovascular measurements without AGE measurement. Wright et al. (2014) showed that 

exercise in middle-age rats attenuates AGE accumulation. 

A similar reduction in serum AGE level with exercise has been observed in human subjects. 

Yoshikawa et al. (2009) found lowered AGE level in participants who joined a lifestyle 

change programme. Couppé et al. (2014) found that life-long endurance runners have 21% 

lower AGE crosslink density compared to non-trained individuals. Macías-Cervantes et al. 

(2015) found that the combination of a low-AGE diet and exercise significantly lowered 

serum CML and methylglyoxal. These studies suggest that exercise may reduce AGE 

accumulation in cartilage, possibly through increased collagen turnover, and may prevent or 

slow down the progression of metabolic OA. 

While exercise is known to reduce serum and tissue AGE levels, it should also be stressed 

that high numbers of AGE crosslinks also hinders the ability to exercise. Since AGE 

crosslinks alter normal protein structure and function, musculoskeletal tissue properties are 

also affected. AGE crosslinks are found to affect the musculoskeletal tissues by increasing 

cartilage stiffness (Verzijl et al., 2002), decreasing contractility in muscles (Snow, Fugere, & 

Thompson, 2007) and decreasing viscoelasticity in tendons (Y. Li, Fessel, Georgiadis, & 

Snedeker, 2013). AGE-associated degeneration in the musculoskeletal system may also 

contribute to the increased risks of injury in the older population. 

 

1.2.4.5. Degeneration Associated with AGEs 

Structural Modification of Protein 

The AGEs have high affinity to bind to the lysine and arginine residues in a protein molecule. 

Some AGEs are known to bind to only one amino acid, and these AGEs are usually 
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non-fluorescent. These include CEL, CML, pyrroline and argpyrimidine (Oliveira et al., 

2013). As for AGEs that bind to more than one amino acid, these AGEs may form crosslinks 

between protein molecules and are usually fluorescent. These include pentosidine, 

glucosepane, 3-deoxyglucosone-derived imidazolium crosslinks, crosslines, vesperlysine, 

GOLD and MOLD (Oliveira et al., 2013). Structural modification by AGEs also causes the 

proteins to be more resistant to degradation resulting in accumulation in tissues and cells 

(Kasper & Funk, 2001). While all AGEs would lead to structural modification in protein 

molecules, the crosslinking AGEs seem to play a more important role in various pathologies. 

One of the earliest studies in AGEs showed that AGE-modified albumin administration in 

rabbits and rats led to increased AGE accumulation in aortic tissues, increased mononuclear 

cell migration in subendothelial and periarteriolar spaces, and significant vasodilatory defects 

(Vlassara et al., 1992). This study is perhaps the first study to identify the pathological effects 

of AGE crosslinking. Other early studies investigating pathologies relating to AGE 

crosslinking include diabetic nephropathy (S. S. Anderson, Tsilibary, & Charonis, 1993; 

Khosrof, & Nagaraj, 1995) and degeneration of hyaline articular cartilage (Bank, Bayliss, 

Lafeber, Maroudas, & Tekoppele, 1998).  

The AGEs are known to accumulate in the cartilage with age (Verzijl, Bank, TeKoppele, & 

DeGroot, 2003) and in OA patients (Handl et al., 2007), as evidenced by the colour change 

from bluish to yellow in the elderly. AGE-formed crosslinks are different in nature to the 

normal enzymatic crosslinks as seen in collagen fibrils, which contribute to their tensile 

stiffness and strength (Eyre, Paz, & Gallop, 1984). Previous studies showed that 

hydroxylysylpyridinoline crosslink levels did not change with age, whereas pentosidine 

crosslinks increased (Uchiyama et al., 1991). High levels of pentosidine are associated with a 

stiffer collagen network (Bank et al., 1998). Increased pentosidine accumulation in cartilage 
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is also negatively correlated with the rate of proteoglycan synthesis (DeGroot et al., 1999) 

and ECM turnover rate (DeGroot et al., 2001). In addition, cartilage may be prone to AGE 

accumulation due to the low turnover rate of collagen. Verzijl et al. (2002) showed that 

cartilage collagen has a longer half-life of 117 years compared to that of skin collagen which 

is only 15 years, and CML, CEL and pentosidine accumulation rates are higher in cartilage 

collagen compared to skin collagen under experimental settings. Further studies showed that 

AGE crosslinking in human hyaline articular cartilage indeed increases the dynamic 

modulus/stiffness of collagen network, (Chen et al., 2002; Verzijl et al., 2002), altogether 

suggesting that AGE accumulation predisposes cartilage to biomechanical dysfunction. Since 

AGEs accumulate with age, these studies suggested that AGE crosslinking may explain why 

age is a risk factor of OA. However, Hirose et al. (2011) did not find an association between 

matrix pentosidine level and OA progression, suggesting specific AGE species may be 

involved in the pathogenesis and the development of OA. Another study by Vos et al. (2012) 

found that while cartilage pentosidine levels are positively correlated to age, they are 

negatively correlated to OA progression, and the authors suggested that ineffective, increased 

ECM turnover in end-stage OA may be the reason. 

Other studies also investigated the association of other types of AGEs with OA. Comparison 

of hyaline articular cartilage between healthy individuals and OA patients showed that CML 

tends to be restricted to the superficial layer of healthy cartilage, whereas intracellular and 

peri-cellular matrix staining of CML is also found in OA cartilage (Hirose et al., 2011; 

Schwab et al., 2002).  

Furthermore, a number of studies have also investigated how AGEs may affect the 

development of post-traumatic OA in an animal model. Vos et al. (2012) used a canine model 

which received intra-articular injection of ribose and threose, followed by minimal surgical 

damage of the femoral cartilage. While they found increased AGE levels, they found no 
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evidence supporting early OA development. In contrast, Kim et al. (2015) used male 

C57BL/6 mice that received destabilization of the medial meniscus surgical procedure and 

intra-articular ribose injection, and found that the elastic modulus measurements of the 

collagen matrices were increased, and MMP activity was upregulated. However, 

chondrocytes in 2D culture exposed to ribose did not induce MMP activity, suggesting that 

AGE matrix crosslinking and cartilage stiffening may play a more important role in the 

development of OA (Kim et al., 2015). 

 

AGE-Receptor Interaction 

The AGE receptor system has been reported in various cell types in human, rat and mouse, 

suggesting that these proteins are highly conserved (Vlassara et al., 1995). The AGE-AGE 

receptor interactions are only weakly inhibited by carbohydrates or early glycation products, 

indicating specificity towards AGE structures (Esposito, Gerlach, Brett, Stern, & Vlassara, 

1989; Imani et al., 1993; Skolnik et al., 1991; Vlassara, Brownlee, & Cerami, 1985). 

AGE-AGE receptor interactions are associated with chemotaxis, angiogenesis, oxidative 

stress, cell proliferation and programmed cell death, depending on the cell type and signalling 

pathway (Thornalley, 1998). 

In general, there are two types of AGE receptors. One type internalizes and degrades AGEs, 

and hence is a part of the cellular antioxidant defence system (Vlassara & Striker, 2013). 

Another type binds AGEs and increases oxidative stress and inflammation. Understanding 

more about receptor functions may be important for development of potential therapeutics, 

such as blocking pro-inflammatory receptors or by upregulating protective receptors to slow 

down progression of AGE-associated metabolic OA. 
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RAGE 

RAGE receptor, 35kDa (Neeper et al., 1992), is a member of the immunoglobulin 

superfamily (S. F. Yan, Ramasamy, & Schmidt, 2008). It consists of five domains: one 

variable type domain (V type domain), two constant type domains (C type domain), a 

transmembrane domain and a cytoplasmic tail (Sparvero et al., 2009). The V type domain is 

involved in the majority of ligand binding (Srikrishna et al., 2002) and the cytoplasmic tail 

may play an important role in intracellular signalling (Hudson, Kalea et al., 2008). It is later 

realized that RAGE receptor has a wide variety of ligands and is hence regarded as a 

pattern-recognition receptor (Xie et al., 2008). RAGE is only expressed in mammals (Sessa et 

al., 2014).  

 

 
Isoforms: RAGE can exist in its full-length, membrane-bound form (fRAGE or mRAGE), 

N-  dominant 

negative form (DN RAGE) that lacks the cytosolic domain, and various other soluble 

isoforms (Figure 1-9) (Ding & Keller, 2005; S. H. Han, Kim, & Mook-Jung, 2011). The 

fRAGE receptors are the direct mediator of physiological and pathological responses. Soluble 

RAGE isoforms that lack transmembrane and cytoplasmic domains can be produced by 
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proteolytic cleavage of mRAGE or alternative mRNA splicing (Sparvero et al., 2009). The 

term sRAGE is used to denote soluble RAGE derived from proteolytic cleavage, but the 

usage of this term has been inconsistent in the literature (Sparvero et al., 2009). Another 

nomenclature to distinguish soluble receptors produced by proteolytic cleavage and 

alternative mRNA splicing has been proposed: cleaved RAGE (cRAGE) and esRAGE (S. H. 

Han et al., 2011). Raucci et al. (2008) have found ADAM 10 to be responsible for producing 

cRAGE. Cheng et al. (2005) found that esRAGE exists in various human tissues that express 

minimal mRAGE.  

 

 
Soluble RAGE: Proteolysis of RAGE is stimulated by protein kinase C (PKC) activation (L. 

Zhang et al., 2008). The ectodomain is cleaved by ADAM10 and MMP9 to form cRAGE, 

-secretase to form RAGE intracellular domain; 

these cleaved domains are released into extracellular space and cytoplasm/nucleus, 

respectively (Galichet, Weibel, & Heizmann, 2008). The soluble cRAGE and esRAGE act as 

decoy receptors that compete with membrane RAGE in ligand binding. Furthermore, 

expression of these isoforms is tissue-dependent: mRAGE is the predominant form in lungs, 

and esRAGE in endothelial cells (S. H. Han et al., 2011); cRAGE is the most prevalent form 

in serum (Raucci et al., 2008). 
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Ligand and Functions: RAGE was believed to mainly bind to AGEs, but later it is 

discovered that RAGE binds to a range of ligands such as high-mobility group box 1 

(HMGB1), S100 proteins, Mac-1, amyloid- peptide and GAGs (S. H. Han et al., 2011; 

Mizumoto & Sugahara, 2013). RAGE interactions with GAGs, especially with the E 

disaccharide units of chondroitin sulphate, and plays an important role in pulmonary 

metastasis (Mizumoto & Sugahara, 2013). 

AGE-RAGE Interaction: AGE-RAGE interactions have been shown to increase the 

secretion of various cytokines in human cells such as C-C motif chemokine ligand (CCL) 2 

Table 1-5). A previous study found that AGE-RAGE interaction in 

1, 3 and 13 secretion (Nah et al., 2007), as 

and apoptosis induction (Kaji, 2005). In addition, RAGE is not involved in endocytosis of 

AGEs (Miyazaki, Nakayama, & Horiuchi, 2002).  

Cell Type Cytokine 

Basophil IL6, IL8 

Dendritic cell  

Hepatic stellate cell CCL2/MCP1 

Hepatocyte  

Osteoblast  

Trophoblast CCL3, CCL4 

Chondrocyte  

 

Receptor Expressions: RAGE has low level of expression in various differentiated adult 

cells, with the exception of mature type-I pneumocytes (Sparvero et al., 2009). Greatest 

expression is observed in embryonic cells (Demling et al., 2006) and in various 
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inflammation-related pathological conditions (Hudson, Carter et al., 2008; S. F. Yan et al., 

2008). Some exceptions include lung tumours and idiopathic pulmonary fibrosis, in which 

RAGE expression decreases from normal level (Bartling, Hofmann, Weigle, Silber, & Simm, 

2005; Englert et al., 2008). AGEs have been shown to increase expression of RAGE in other 

cell types such as cardiomyocytes (H. Ma et al., 2009). RAGE KO mice have shown 

hyperactivity and increased auditory sensitivity (Sakatani et al., 2009). RAGE expression in 

normal human cartilage tissue is restricted in the superficial zone, whereas in human OA 

cartilage tissue, increased RAGE expression that is positively correlated with OA severity has 

been observed (Loeser et al., 2005; Terada et al., 2011).  

1.2.4.6. Therapeutic Strategies of AGEs 

AGEs are believed to have key roles in various oxidative-based diseases. This is supported by: 

1) a positive correlation between AGE level in tissues or fluids and disease progression, 2) 

molecular and cellular mechanisms for the involvement of these chemicals in diseases such 

as atherosclerosis, diabetes and neurological pathologies, and 3) amelioration due to 

AGE-targeted treatments (Aldini et al., 2013). Hence AGEs are considered as promising 

novel targets for treatment by inhibiting the formation, promoting the degradation, and 

blocking the biological effects of AGEs.  

 

Inhibition of AGE Formation  

There are different inducers and intermediate products that can be targeted for inhibitive 

strategy. These are ROS and metal ions, and reactive carbonyl species (RCS), respectively 

(Aldini et al., 2013). The most likely approaches are antioxidants, metal ion chelators and 

reactive carbonyl compound quenchers. In addition, xenobiotics that activate endogenous 

detoxification system also reinforce metabolism of compounds involved in AGE formation. 
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Enzymatic reactions by superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (GPX), as well as certain phase I and II enzymes are essential to the system (Ellis, 

2007). Enzymatic deglycation of Amadori products and enzymatic detoxification of reactive 

-oxoaldehydes can prevent the formation of AGEs (Aldini et al., 2013). 

 

AGE Degradation and Reducing Exogenous Exposure 

Catabolism of existing AGEs can be accelerated by activating the endogenous proteolytic 

system or by using xenobiotics (Aldini et al., 2013). Lysosomes and proteasomes are the two 

main proteolytic systems that degrade macromolecules including AGEs, yet evidence 

suggests that AGEs disrupt proteostasis of these systems (Tsakiri et al., 2013). Strategies to 

activate endogenous degradation include genetic manipulation or compound mediation 

(Aldini et al., 2013). Crosslink breakers have been a developing area aiming to break existing 

crosslinks between AGEs and human tissues (Poulsen et al., 2013). One crosslink breaker 

Alagebrium/ALT-711 showed promising results for treating cardiovascular diseases in 

animal studies (Candido et al., 2003; Wolffenbuttel et al., 1998) and clinical trials (Kass et al., 

2001; Little et al., 2005; Zieman et al., 2007), showing improved arterial elasticity, decreased 

ventricular mass and improved left ventricular diastolic filling. However, two more recent 

clinical trials found no similar benefits (Hartog et al., 2011; Oudegeest-Sander et al., 2013). 

In addition, reducing exogenous exposure of AGEs such as by restricting intake and 

inhibiting absorption of dietary AGEs are also good approaches to minimize AGEs. Oral 

administration of AST120, a spherical carbonaceous adsorbent, had been shown to reduce 

serum AGEs and attenuate the progression of chronic renal failure in patients (Ueda et al., 

2006).  
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AGE and Receptor Blocking  

Discovery of receptors for AGEs have instigated research into blocking the biological 

response of AGEs. Literature suggests that AGE-RAGE interactions are involved in 

pathogenic mechanisms of oxidative-based diseases, whereas AGE-AGER1 interaction 

activates the protective system against AGEs. Blockers can inhibit ligands or inactivates 

receptors. PF-04494700 is a low-molecular-weight antagonist of RAGE that reached phase II 

ein 399 patients were randomised into 

two dose groups and a placebo group for 18 months, and patients receiving the 5 mg/day 

regimen showed substantial improvement for further phase III trial investigation (Burstein et 

al., 2014). Peptides and polysaccharides have also been developed to bind to RAGE ligands 

(Aldini et al., 2013). An anti-RAGE immunoglobulin G (IgG) monoclonal antibody called 

XT-M4 has been developed for neutralizing the receptor (Finlay et al., 2009) and has been 

investigated in animal models by Pfizer (Vugmeyster, DeFranco, Pittman, & Xu, 2010).  

 

1.2.5. Models to study the effects of AGEs and Obesity on OA 

Current literature showed that AGE accumulation is positively correlated with OA severity 

and obesity, and negatively correlated with exercise, however the precise effects of diet and 

exercise on cartilage and ultimately the development of metabolic OA via AGEs are not 

known. To address this question, an appropriate animal model is required. An animal model 

is preferable as it provides less variability where cartilage and other tissues can be assessed in 

a rapid and reproducible manner.  

An ideal animal model should share similar characteristics of the disease/condition of interest 

in human. The use of animal models allows control over the cause and/or environmental 

influences exposed to the animals and collection of tissue samples at designated time points 
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(Lampropoulou-Adamidou et al., 2014). However, animal models are inevitably limited by 

the differences in anatomy, dimensions, biomechanics, cartilage regeneration process and 

cartilage thickness (Bendele, 2001; Frisbie, Cross, & McIlwraith, 2006; Giannoni et al., 2005; 

Xerogeanes et al., 1998). While no single animal model can perfectly mirror all aspects of a 

human disease/condition, the characteristics of a specific animal model may be more 

appropriate to address a particular research question. For example, diet-induced obesity 

model may be more similar to human obesity and appropriate to investigate obesity 

preventive strategies, compared to a model using genetically manipulated animals. Moreover, 

different animal species may be used to address different research goals. However, the use of 

larger animal models has monetary restriction, housing issues and limited availability of 

molecular assays (Vincent et al., 2012).  

 

1.2.5.1. Rat Models of Obesity  

Rat models of obesity can be divided into two categories: a) models based on manipulation of 

genes (not discussed in this thesis), and b) rats exposed to an obesogenic environment (Lutz 

& Woods, 2012). Phenotypic assessment of obesity includes measures of phenotype 

assessment such as percentage body fat, plasma glucose, insulin and leptin, and in some 

studies, inflammatory status associated with obesity (Lutz & Woods, 2012). 

 

Diet-induced Models 

High fat diet models range widely in the literature and diets can vary from 30%-60% kcal fat. 

Some authors include a categorisation by dividing the animals into diet-induced obesity (DIO) 

group and the diet-resistant (DR) group based on the resultant body weight (Levin & 

Dunn-Meynell, 2000). This method ensures that the DIO rats would definitely develop 
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distinct obesity. The DIO and DR rats can also be selectively bred to produce offspring with a 

more distinct phenotype of obesity (Michel, Dunn-Meynell, & Levin, 2004). For example, 

the selectively bred DIO rats show less sensitivity to leptin in early life even before any 

changes in body weight can be observed (Lutz & Woods, 2012). However, there is some 

concern that this method may be at risk of biased sampling. 

Another diet-induced model is the cafeteria diet-induced obesity model. A variety of 

palatable, energy-dense food types for human consumption are exposed to the rats to simulate 

Western Style diet (Perez, Fanizza, & Sclafani, 1999). Hyperphagia associated obesity can be 

observed from the animals given this diet (Lutz & Woods, 2012). While the diet has its merit 

for similarity to a human diet, it not only poses a difficulty for the standardisation of 

nutritional contents but also risks of deficiencies in proteins and essential vitamins (Moore, 

1987). 

High-fat diet-induced obesity is another commonly used model that has been shown to induce 

insulin and leptin insensitivity in both DIO and DR rats, whereas other diets may not exert 

such effects on DIO and DR rats (Lutz & Woods, 2012). The effects of high-fat exposure on 

typical measures such as insulin and leptin insensitivity can be readily observed within short 

period of days following exposure (Lutz & Woods, 2012). 

 

1.2.5.2. Rat Models of OA 

Most rat models of OA are either surgically or chemically induced, with few spontaneous 

models reported (McCoy, 2015). Despite this, mild OA changes have been observed in aged, 

control rats (Ferrandiz et al., 2014). The majority of studies determine structural degenerative 

changes using established histologically scoring systems such as the modified Mankin Score 

(Collins, Reimer, Seerattan, Leonard, & Herzog, 2015), or the Osteoarthritis Research 
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Society International (OARSI) guidelines developed for rat (Gerwin, Bendele, Glasson, & 

Carlson, 2010). Assessment of the articular cartilage and the subchondral bone can also be 

done by using micro-computed tomography (Batiste et al., 2004; Das Neves Borges, Forte, 

Vincent, Dini, & Marenzana, 2014).  

 

Surgically-induced Models of OA 

Surgically-induced models include partial or total meniscectomy, destabilisation of the 

medial meniscus (DMM), meniscal tear, anterior/posterior cruciate ligament transection, 

medial/lateral collateral ligament transection, creation of an articular groove, osteotomy and 

trans-articular impact, which creates a combination of joint instability, altered joint 

mechanics and inflammation (Lampropoulou-Adamidou et al., 2014; Little & Zaki, 2012; 

Teeple, Jay, Elsaid, & Fleming, 2013). The surgically-induced models have the advantage of 

repeatability and rapid onset of degeneration, and are considered more appropriate for 

research of post-traumatic OA instead of spontaneous OA (Lampropoulou-Adamidou et al., 

2014; Little & Zaki, 2012; Teeple, Jay, Elsaid, & Fleming, 2013). For this reason, 

surgically-induced models with minimal tissue injury (e.g. DMM) leading to slower OA 

progression have been preferred in recent studies (Vincent et al., 2012),  

Moreover, it should be noted that these models may also respond differently to each 

intervention, as there is evidence of differential responses when the manipulated joints were 

given intra-articular injection of hyaluronan: better response in meniscal models, moderate 

response in ACL model, and weaker beneficial response in models of direct cartilage damage 

(Edouard, Rannou, & Coudeyre, 2013). 
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Other Models 

Chemically-induced Models of OA: Papain was widely used in older studies, whereas 

monosodium iodoacetate is now more commonly used to induce OA degeneration (McCoy, 

2015). Other chemicals reported include collagenase, carrageenan and Freund adjuvant 

(Bentley, 1975; Lampropoulou-Adamidou et al., 2014). These models have been used to 

investigate OA-related pain behaviours (Malfait, Little, & McDougall, 2013). However, due 

to the widespread cell death and rapid tissue destruction, the validity of chemically-induced 

models has been questioned (Poole et al., 2010).  

Naturally Occurring Model: No rat models with naturally occurring OA have been reported. 

A number of animals are known to develop naturally occurring OA that bear 

pathophysiological similarities to human ageing OA (Lampropoulou-Adamidou et al., 2014). 

These include Syrian hamsters, and specific strains of guinea pigs, dogs, and non-human 

primates (Lampropoulou-Adamidou et al., 2014). These models are limited by time and cost 

due to the time required for OA development, as well as limited by the availability of 

molecular assays.  

Genetic Model: No genetically modified models in rats have been reported. Models in other 

animals have been useful for the investigation of the function of specific genes and their 

association with OA. An example is Col9a1  mice with inactivated collagen type IX alpha 

1 gene (Little & Zaki, 2012). 

 

1.2.5.3. Animal Models of Metabolic OA 

Few animal models are used to investigate metabolic OA as this subtype has only recently 

been established. One of the earlier studies exposed male C57B mice to two different diets 

(5% vs. 30% dietary fat) and examined cartilage at different ages from 9 months to 30 
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months. They found early onset and higher occurrence of OA in mice fed 30% fat diet 

(Silberberg & Silberberg, 1950). Sokoloff et al. (1965) exposed DBA-2JN mice (of unknown 

age) to 25% lard or 25% cottonseed oil and found no deleterious effect on joint histology 

compared to the control mice based on a 5-point OA mean score system. However, there 

have been no similar animal studies until 2010 when Griffin et al. were the first to 

demonstrate that high-fat diet resulted in proteoglycan loss and higher modified Mankin score 

in C57BL/6J mice fed with 45% kcal fat diet for 54 weeks compared to controls. Their 

subsequent study showed beneficial effects of 4-week exercise on the overall health and knee 

OA of C57BL/6J mice exposed to a very high-fat diet (60% kcal fat) for 12 weeks (Griffin, 

Huebner, Kraus, Yan, & Guilak, 2012). The same group also demonstrated the protective 

effects of transient receptor potential vanilloid 4 using a genetic model exposed to similar 

dietary conditions (O'Conor, Griffin, Liedtke, & Guilak, 2013). The content of high-fat diet 

has also been found to be an important factor, as differential results were found in wound 

healing and OA severity between diets supplemented with different types of fatty acids (Wu 

et al., 2015). Another research group which used human c-reactive protein (CRP)-transgenic 

mice that received high-fat diet (23.1% fat; 45 weeks) demonstrated no correlation between 

body weight and OA severity. This demonstrated the importance of low-grade inflammation 

in the development of OA, and that OA progression could be inhibited by anti-inflammatory 

drugs such as rosuvastatin and rosiglitazone (Gierman et al., 2012). 

A number of studies have combined a diet-induced obesity model with a surgically-induced 

destabilisation to study metabolic OA. In a surgically-induced OA model of C57BL/6 mice, 

the 12-week high-fat diet was found to accelerate OA progression and resulted in higher 

OARSI scores that were independent of body weight (Mooney, Sampson, Lerea, Rosier, & 

Zuscik, 2011). Similar results were found in fractured knee joints of C57BL/6 mice, although 

obesity was found to be an important factor in this study (Louer et al., 2012). The only rat 
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model known to date to use Sprague-Dawley rats to study metabolic OA, exposed rats to a 

high fat/sucrose diet for 28 weeks, and assigned the rats to unilateral ACL transection, sham 

surgery or no surgery groups (Collins, Reimer, Seerattan, Leonard, & Herzog, 2015). They 

found OA damage in both operated rats and the non-operated obese rats, providing evidence 

that high-fat diet is a contributor to metabolic OA (Collins, Reimer, Seerattan, Leonard, & 

Herzog, 2015). 

The studies of metabolic OA have generally used a dietary-induced obesity mouse models, 

with a few studies that added surgical procedure to induce OA. The studies with surgical 

induction tend to be shorter in time period.   
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1.3. Summary  

The literature review introduced the clinical features, epidemiology, risk factors, 

classification, and pathological modifications in OA, as well as emphasizing the necessity of 

a better classification for this condition with multiple risk factors, to allow for efficient and 

specific investigation. The OA phenotype classification suggested by Sellam and Berenbaum 

(2013), dividing OA into post-traumatic, metabolic, ageing-related, genetic and pain-related, 

provided an important cornerstone for future OA research, and potential for the development 

of targeted treatments for each subtype. 

This thesis focuses on the development of metabolic OA in younger adults and its association 

with a heterogeneous group of systemic mediator AGEs. AGEs are known to form crosslinks 

in cartilage making it more brittle, and interact with cellular receptors leading to the 

up-regulation of pro-inflammatory cytokines and degradative proteins. The AGEs can form 

exogenously by heating protein with sugar (e.g. through deep fat frying), or endogenously 

through complex metabolic pathways. AGE accumulation is positively correlated with age, 

OA severity and obesity, and negatively correlated with exercise. The AGEs have also been 

implicated in the development of metabolic OA. However, due to the novelty of this OA 

subtype, further work is needed to establish the animal model for metabolic OA.  

Diet is a major source of AGE exposure and exercise has been suggested to be beneficial 

against the harmful effects of AGEs. The effects of diet and exercise have also been 

implicated in the development of OA. Although AGEs have been associated with the 

degeneration of the hyaline articular cartilage and have been recognised as a risk factor in 

metabolic OA, the effects of high-fat diet and exercise on AGE accumulation and the 

downstream effects have not yet been investigated. Further investigation of AGE metabolism 

in younger individuals is still poorly understood and is now an important area of research 

given the increasing number of younger individuals suffering from metabolic syndrome. 
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1.4. Hypothesis and Aims 

This thesis hypothesised that high-fat diet-induced obesity leads to tissue AGE accumulation 

and development of metabolic OA; and that exercise leads to less AGE accumulation and 

provides beneficial effects against the development of metabolic OA.  

The specific aims are detailed below: each aim examines tissues from 40 male Sprague 

Dawley rats that were randomised into four groups (standard diet, high-fat diet, standard diet 

and voluntary wheel exercise and high-fat diet and voluntary wheel exercise). Diet was 

introduced from weaning (D21) until young adulthood (D121). All assessments were 

conducted either just prior to or following euthanasia at D121. 

1. Determine the effects of high-fat diet and exercise on body composition, metabolic 

markers of obesity (leptin, insulin, and glucose) and inflammatory status using DEXA 

scanning, ELISA assays and cytokine bead arrays. 

2. Determine the effects of high-fat diet and exercise on systemic levels of AGE in plasma, 

liver and kidney using ELISAs. 

3. Determine if high-fat diet and/ or exercise influences the accumulation of AGEs and 

carboxymethyllysine (CML) and the expression of the Receptor for AGEs (RAGE) in the 

femoro-tibial articular cartilage and associated joint tissues using immunohistochemical 

labelling.  

4. Investigate whether exposure to high-fat diet and/ or exercise affects cartilage degradation 

and cytokine secretion using humeral head explant cultures. 

5. Determine the susceptibility (cartilage degradation) and inflammatory response of articular 

cartilage to AGE challenge using humeral head explant cultures  
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6. Conduct correlative analysis to identify potential novel relationships and pathways that 

may contribute to the development of metabolic OA. 

Additional and statistical summaries and validation studies are presented in the following 

appendices. 

Appendix A provides detailed statistics of all the phenotypic parameters measured.  

Appendix B provides statistics of all the measurements from humeral head explant cultures.  

Appendix C aims to investigate the association between bovine serum albumin (BSA) 

exposure and cytokine secretion. 
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Chapter 2. Metabolic and Inflammatory Cytokine Profile of 

Young Rats Exposed to High-fat diet and Voluntary Wheel 

Exercise 

2.1. Introduction 

Low-grade chronic inflammation associated with obesity and changes in metabolic factors 

and their effectors are strongly correlated with increased prevalence and severity of adult 

human OA (Berenbaum, Eymard, & Houard, 2013). Furthermore, obese patients with 

metabolic syndrome have increased risk and severity of hand and knee OA compared to 

obese patients alone (Berenbaum, Griffin, & Liu-Bryan, 2016). Even though childhood 

obesity rates are increasing and the mean age of OA onset is significantly lower in obese 

people (Changulani, Kalairajah, Peel, & Field, 2008), most OA studies were focused on OA 

during late adulthood, and few examined effects of obesity and the concomitant low-grade 

chronic inflammation on developing joint tissues in children and young adults. Appropriate 

obesogenic animal models are currently needed to investigate the metabolic and 

inflammatory changes in young adulthood, and how they may contribute to early changes in 

the joint cartilages and pathogenesis of OA. 

Small animal models such as rats are often used for the investigation of pathogenesis and 

pathophysiological process of OA (Kuyinu, Narayanan, Nair, & Laurencin, 2016). In contrast 

to a number of surgically (Little & Zaki, 2012; Teeple, Jay, Elsaid, & Fleming, 2013) and 

chemically (Bentley, 1975; Lampropoulou-Adamidou et al., 2014; McCoy, 2015) induced 

OA models, metabolic OA models induce changes through dietary modification alone. Only a 

few animal studies have reported OA-like degeneration through histological assessment using 
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the Osteoarthritis Research Society International (OARSI) scoring system (Gerwin, Bendele, 

Glasson, & Carlson, 2010) and the modified Mankin score (Mankin, Dorfman, Lippiello, & 

Zarins, 1971) following a high fat diet, and most of these studies were conducted in adult 

mice and rats (Asou et al., 2016; Collins, Hart, Reimer, Seerattan, & Herzog, 2016; Kc et al., 

2015; Mooney, Sampson, Lerea, Rosier, & Zuscik, 2011; O'Conor, Griffin, Liedtke, & 

Guilak, 2013; Waung et al., 2014).  

Research carried out in this PhD thesis utilised tissue samples and data from an animal study 

that exposed Sprague-Dawley rats from weaning to either standard or high-fat diet and 

spontaneous cage activity (SED) or voluntary wheel exercise (EX) to evaluate early changes 

in the joint cartilages. While the wider aim of this study was not for the assessment of 

metabolic OA, the animal model utilised in this study bears similarities to those previously 

used as obesity models (Cigarroa et al., 2016; Levin & Dunn-Meynell, 2000) and a recently 

reported model of metabolic OA (Collins, Reimer, Seerattan, Leonard, & Herzog, 2015). The 

tissues used in the experiments conducted for this PhD thesis were from animals that were 

exposed to different nutritional and physical activity environments from 3 weeks and 9 weeks 

of age. The study allowed for a comparison of phenotypes between our rat model with other 

obesogenic and metabolic OA rat models, especially those that exposed different nutritional 

and physical activity environments to young rats. 

Therefore, it was hypothesised that the young rats exposed to a combination of different 

nutritional and physical activity environments have different biomarker phenotypes of 

metabolic OA (including percentage body fat, fat/lean ratio, and fasting plasma 

concentrations of glucose, insulin, leptin, triglycerides, high-density lipoprotein (HDL), and 

inflammatory cytokines).  
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2.2. Methods 

2.2.1. Source and Collection of Animal Samples 

Methods relating to animals, diet, exercise conditions and metabolic assessments were 

conducted by the wider study team (Elwyn Firth and Mark Vickers  dual energy x-ray 

absorptiometry (DEXA), Claire Barker  fasting glucose, Clare Reynolds  insulin and leptin 

ELISA, Christine Keven  metabolites, Chris Hedges  exercise monitoring). Methods 

decribing the measurement of cytokines and statistical analysis were conducted by the author. 

The study was approved by the Animal Ethics Committee of the University of Auckland 

(AEC 001432).  

Animals, diet, and exercise: Forty male Spraque-Dawley rats were randomised into 4 groups 

of diet and exercise, and pair-caged in a temperature-controlled (25°C) room maintained on a 

12h light/dark cycle. At weaning on day 21 (D21), rats were allocated into either the standard 

(Chow) diet (2018, Harlan Teklad Global Diet) (18% calorie as fat) or the high-fat (HF) diet 

(D12451, Research Diets) (45% calorie as fat) group. Food and water were provided to the 

rats ad libitum. On D63, Chow and HF groups were further divided into SED groups and EX 

groups. The SED groups were allowed spontaneous cage activity only. EX groups could also 

voluntarily undertake activity using an exercise wheel installed on D63, and a computer 

recorded the activity of paired animals in each cage every 15 minutes. Distances travelled by 

each EX pair of rats between 6pm and 6am (dark time) were measured, until cull day on 

D121. The resulting groups (n= 10/group) were termed Chow-SED, HF-SED, Chow-EX and 

HF-EX. The Chow-EX rats were from different mothers of the same breeding colony, age 

and size as the mothers of the other groups.  
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2.2.2. Metabolic Phenotype 

Distance Travelled: activity of rat pairs was recorded for 24h on/near D70, 80, 90, 100 and 

D110, and the distance run in metres was recorded every 15 minutes (Lafayette Instrument 

Company), except for a short period of time of cage cleaning and food/water provision. 

96.2% of the total exercise activity was between 6pm and 6am, and thus data analysis was 

only conducted for data the dark period. Cumulative running distance was calculated from the 

5 measurement periods per cage for each group. Spontaneous movement was not included in 

measurement.  

Body composition: On D117, percentage body fat and lean mass was determined by DEXA 

using Lunar Prodigy (General Electric Healthcare), with the rats under isofluorane general 

anaesthesia. 

Blood collection: On D121, rats were fasted overnight, weighed, anaesthetised using 5% 

isoflurane/oxygen and sodium pentobarbitone (60 mg/kg, intraperitoneal), and decapitated. 

Plasma samples were collected from the site of decapitation, and kept on ice until centrifuged 

at 8,000 x g at 4°C for 15 min. The plasma samples were then stored at -80°C.  

Glucose, Leptin, Insulin, Triglycerides and HDL: Fasting glucose was measured using a 

glucometer (FreeStyle Optium Neo, Abbott) immediately after decapitation. Fasting plasma 

insulin and leptin concentrations were measured using ELISAs (90060; 90040, CrystalChem). 

Fasting plasma triglyceride and HDL were measured using enzymatic colorimetric assay 

(Roche) and homogenous enzymatic colorimetric assay (Roche), respectively, on a Hitachi 

902 autoanalyser (Hitachi High Technologies Corporation). 
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2.2.3. Plasma Cytokine Measurement 

Cytometric Bead Array Assay for 

Cytometric Bead Array (CBA) (558305; 558306; 558307; 558309; 560159; 561420, BD 

Biosciences) was used to measure 

samples. CBA is a multiplexed bead-based immunoassay, which utilises flow cytometry to 

quantify multiple proteins simultaneously using antibody-coated beads that capture proteins 

of interest. 

A CBA assay consists of four main components: a) samples, b) cytokine standards for 

generating standard curve, c) antibody-coated beads to capture specific cytokines in samples, 

and d) phycoerythrin (PE) solution with antibodies which allows quantification of the 

captured cytokine molecules.  

A 1:2 serial dilution was conducted for the standards (5000-0pg/ml). In a round-bottom 

96-well plate, 40µL assay diluent was pipetted into all standard and sample wells. Each 

standard and sample (25µL) was added to individual wells. The plate was sealed with film, 

mixed on a plate shaker for 5 min at 500 rpm, and left at room temperature for 1h. After 

incubation, 25µL PE detection solution was added, plate shaking procedure was repeated 

before the plate was left in darkness for 2h at room temperature. 180µL of master buffer was 

added to each well, and the plate was sealed again and centrifuged for 10 min at 400xg at 

room temperature. All solutions were removed from the plate and 30µL of master buffer was 

added to each well to retrieve the beads, which were then transferred to separate Eppendorf 

tubes. Each tube was placed under the stick probe and run through the flow cytometer.  

A BD Accuri C6 Flow Cytometer and the BD Accuri C6 Software were used for 

measurement. Flow cytometer validation and software settings were conducted according to 
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s. Data were analysed using Flow Cytometric Analysis 

Program (FCAP) Array Software v3. 

Since rat-specific CBA assays were not 

on 

500ml with distilled water. The positive cytokine control was diluted to 1ml with distilled 

water, and the standard was diluted to 2ml with calibrator diluent, and mixed for 5 min. A 

-31.3pg/ml; IL6: 4000-62.5pg/ml). 

was added. The plate was covered with an adhesive strip, mixed gently for 1 min and 

 

and optical density at 450nm was measured within 30 min using a Synergy 2 Multi-mode 

Software. 

 

2.2.4. Statistics 

To compare the total daily dark-time distance travelled by the Chow-EX group and the 

HF-EX group, an unpaired t-test was used. A two-way analysis of variance (ANOVA) and 

Tukey-Kramer post-hoc test were used to assess the effects of diet and exercise on plasma 

cytokine concentrations, percentage body fat, fat/lean ratio, and fasting concentrations of 

glucose, insulin, leptin, triglyceride and high-density lipoprotein. Log transformation was 

performed where appropriate if there was violation of the equivalence of variance assumption. 



 
 

67 
 

To assess the associations among plasma cytokine concentrations and the metabolic 

 

Statistical Analysis System (SAS) 9.3 (SAS Institute) was used for statistical analysis. 

GraphPad Prism 6 (GraphPad Software, Inc.) was used for graph generation. For all analyses, 

a p-value lower than 0.05 was considered statistically significant. 
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2.3. Results 

2.3.1. Metabolic Profile 

Percentage Body Fat, Fat/Lean Ratio, and Wheel Exercise Activity 

A summary of measurements of percentage body fat and fat/lean ratio is presented in Figure 

2-1 (n=10/group). 
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Percentage Body Fat: The HF groups had higher percentage body fat than the Chow groups 

(p< 0.0001). The EX groups had lower percentage body fat than the SED groups (p< 0.0001). 

Except for the comparison between Chow-SED group and the HF-EX group, all other 

comparisons were significantly different.  

Fat/Lean Ratio: Similar pattern to percentage body fat was observed, wherein the HF groups 

had higher fat/lean ratio than the Chow groups (p< 0.0001), and the EX groups had lower 

fat/lean ratios compared to the SED groups (p< 0.0001). Except for between the Chow-SED 

group and the HF-EX group, all other comparisons were significantly different. 

Wheel Exercise Activity: The mean total distances travelled in each cage were 31734.7 ± 

5172m in the Chow-EX group and 32323 ± 7010m in the HF-EX group. No significant 

difference was found in the total daily dark-time distance travelled between the Chow-EX 

group and HF-EX group.   
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Glucose, Insulin and Leptin 

A summary of measurements of glucose, insulin and leptin is presented in Figure 2-3 

(n=10/group).  

  

 

 

  

 

Glucose: The mean fasting glucose concentrations were approximately 10 mmol/L among 

groups. No significant effects were found in diet (p= 0.8242) or exercise (p= 0.1296).  

Insulin: HF diet (p= 0.0090) was found to upregulate, and exercise (p= 0.0207) was found to 

downregulate fasting plasma concentrations of insulin. Despite the overall effects of HF diet 
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and exercise, post-hoc analysis only showed significant differences between the HF-SED 

group and the Chow-EX group (p= 0.0035).  

Leptin: The HF groups had higher plasma leptin concentration than the Chow groups (p< 

0.0001). The EX groups had lower plasma leptin concentration than the SED groups (p< 

0.0001). Except for between the Chow-SED group and the HF-EX group, all other 

comparisons were significantly different.  
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Triglyceride and HDL 

A summary of measurements of triglyceride and HDL is presented in Figure 2-4. 

 

Triglyceride: HF diet (p= 0.0286) induced higher concentrations and exercise (p= 0.0004) 

induced lower concentrations of fasting plasma triglyceride. Triglyceride concentration was 

higher in the HF-SED group had compared to the Chow-EX group (p= 0.0007) and the 

HF-EX group (p= 0.0027). 

HDL: No significant effects were found in diet (p= 0.3514). The EX groups had lower HDL 

concentration than the SED groups (p= 0.0007). The plasma HDL concentration of the 

HF-SED group was higher than the Chow-EX group (p= 0.0134) and the HF-EX group (p= 

0.0055).  
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2.3.2. Plasma Cytokines 

Summaries of the effects of diet and exercise on plasma inflammatory cytokines are 

presented in Figure 2-5 and Table 2-1. IL4 is not shown since it was undetectable in all 

samples.  
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Cytokine Significance Value 

 Diet Exercise Interaction 

 0.0026 0.0363 0.1991 

 0.6108 0.0064 0.0073 

IL6 0.2357 0.0664 0.0251 

 0.6766 0.6683 0.3578 

 0.8058 0.3295 0.9796 

IL10 0.2241 0.3622 0.2120 

 

The 

and exercise was associated with lower concentrations (p= 0.0363), and the HF-SED group 

concentration was significantly higher than that of both the Chow-SED (p= 0.0087) and 

Chow-EX groups (p= 0.0024). 

ation in Chow groups, but 

not in the HF groups; the interaction between diet and exercise was significant (p= 0.0073). 

The difference between the Chow groups and HF-fed group means were not significant (p= 

oncentrations than SED groups 

-EX group was lower than the HF-SED 

group (p= 0.0322) and the HF-EX group (p=0.0288).  

IL6: A significant interaction was found between the effects of diet and exercise on plasma 

IL6 concentration (p= 0.0251). The HF-EX group had higher plasma IL6 concentration than 

the HF-SED group (p= 0.0246). 

No significant differences in the mean plasma cytokines were 

observed. There were no significant effects of diet, exercise, or the interaction between diet 

and exercise.  
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2.3.3. Correlations among Metabolic Phenotypes and Plasma Cytokines 

A summary of the correlations among metabolic phenotypes and plasma cytokines is 

presented in Table 2-2. All metabolic phenotypes were positively correlated with each other. 

Percentage body fat and fat/lean ratio were positively correlated with fasting glucose, insulin, 

leptin, triglyceride and HDL concentrations. Fasting leptin concentration was strongly 

correlated with percentage body fat and fasting insulin concentration.  

Negative correlations were observed between metabolic phenotypes and plasma cytokines 

 positively correlated with the metabolic 

percentage body fat, fat/lean 

ratio fasting plasma insulin and leptin concentrations.  
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Percentage body 

fat 
Fat/Lean ratio Glucose Insulin Leptin Triglyceride HDL 

Fat/Lean ratio 
r 0.966  0.305 0.791 0.930 0.648 0.544 

p <0.001  0.056 <0.001 <0.001 <0.001 <0.001 

Glucose 
r 0.295 0.305  0.312 0.364 0.313 0.173 

p 0.064 0.056  0.050 0.021 0.052 0.293 

Insulin 
r 0.711 0.791 0.312  0.839 0.628 0.560 

p <0.001 <0.001 0.050  <0.001 <0.001 <0.001 

Leptin 
r 0.838 0.930 0.364 0.839  0.703 0.594 

p <0.001 <0.001 0.021 <0.001  <0.001 <0.001 

Triglyceride 
r 0.636 0.648 0.313 0.628 0.703  0.805 

p <0.001 <0.001 0.052 <0.001 <0.001 <0.001 

 
r -0.144 -0.142 0.078 -0.197 -0.181 -0.154 -0.094 

p 0.376 0.383 0.632 0.224 0.265 0.351 0.571 

 
r 0.008 0.014 -0.284 -0.103 -0.015 -0.060 -0.135 

p 0.962 0.934 0.076 0.526 0.928 0.716 0.412 

IL6 
r -0.039 -0.088 0.212 -0.031 -0.059 -0.140 -0.161 

p 0.811 0.590 0.189 0.848 0.717 0.397 0.327 

IL10 
r 0.224 0.217 -0.054 -0.062 0.003 0.145 0.209 

p 0.164 0.179 0.743 0.705 0.985 0.378 0.201 

 
r 0.198 0.073 0.123 -0.200 -0.029 -0.034 -0.077 

p 0.222 0.653 0.450 0.217 0.860 0.840 0.639 

 
r 0.506 0.504 -0.096 0.322 0.453 0.291 0.271 

p 0.001 0.001 0.557 0.043 0.003 0.072 0.096 
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2.4. Discussion 

2.4.1. Effects of HF Diet and Exercise on Diet-induced-Obesity Body Phenotypes  

Diet-induced obesity rat mode -

overcome the shortcoming of genetically modified models. The obesity states of genetically 

modified models were caused by a causative mutation (Nilsson, Raun, Yan, Larsen, & 

Tang-Christensen, 2012) of genes such as an autosomal recessive mutation in the fatty gene 

(fa) which causes a defect in leptin receptor (Phillips et al., 1996) and upregulation of 

orexigenic peptides (Aleixandre de Artinano & Miguel Castro, 2009) in Zucker rats. 

Environmental factors such as HF diet play more important roles in the development of early 

metabolic and inflammatory changes associated with metabolic OA.  

The HF diet induced an overweight state, due to increased adiposity, as indicated by the 

higher percentage body fat and fat/lean ratio, similar to the findings in previous rat studies on 

HF diet-induced obesity (Adams et al., 2015; Cigarroa et al., 2016; Collins et al., 2015; 

Handjieva-Darlenska & Boyadjieva, 2009; Lee, Lee, Kim, & Kwon, 2015; Li et al., 2016; 

Osborne et al., 2016; Peng, Zhu, Zhong, Xu, & Wang, 2015; Rajia, Chen, & Morris, 2013; 

Sandoval-Salazar, Ramirez-Emiliano, Trejo-Bahena, Oviedo-Solis, & Solis-Ortiz, 2016; 

Shaodong et al., 2013; Shen, Xu, Yue, & Xu, 2015; Tomada, Tomada, Almeida, & Neves, 

2012; Underwood & Thompson, 2016; Q. Y. Xu et al., 2014; Yao et al., 2015). Most of these 

studies used Sprague-Dawley rats, in common with our study, but confirmed the diet-induced 

obesity state by measuring fat tissue masses from the epididymal and/or retroperitoneal fat 

pads, and adjusted to body weight, rather than using DEXA (possibly due to inaccessibility). 

Around half of the studies exposed the HF diet to young rats 3-4 weeks of age, whereas in the 

other studies the diet was introduced between 8 and 13 weeks of age, with an exposure period 
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range of 4 to 28 weeks, averaging around 12 weeks. For those stated the dietary fat content as 

percentage calories as fat in diet, the range is 30-60%, with a mean value of 49.38%.  

Previous studies have shown a reduction in the severity of diet-induced obesity by voluntary 

(3/10 studies) or treadmill exercise of set speeds (metres per minute, range: 5-26.8 m/min), 

duration (minutes per day, range: 30-60 min/day) and frequency (days per week, range: 5-7 

days/week) (7/10 studies) (Beaudry et al., 2015; Cigarroa et al., 2016; Pels, White, & Block, 

1985; Pels, Terpstra, & White, 1991; Rajia et al., 2013; Ruegsegger, Toedebusch, Braselton, 

Roberts, & Booth, 2015; Shen et al., 2015; J. Wang, Chen, & Wang, 2008; Z. Wang et al., 

2012; You, Disanzo, & Arsenis, 2013). While it is known that imposed exercise may provoke 

physiological stress in animals and manifest different results to those of voluntarily exercised 

animals (Kurimoto et al., 2016), due to the limited number of studies utilising voluntary 

wheel exercise, studies using imposed treadmill exercise have also been discussed. Many of 

the studies that utilised imposed exercise also included an acclimatisation period (3 to 14 

days) that slowly increased the intensity of exercise, as a way to minimize the physiological 

stress in animals. However, different exercise regimens added variabilities for the comparison 

with our rat model. In addition, our results showed that the HF diet and/or the heavier body 

mass did not impede the HF-EX rats to exercise. However, our exercise data were based on 

the paired animals in each cage, making quantification of amount of exercise per animal and 

comparison with other studies difficult. The average speeds of the imposed treadmill exercise 

studies were faster than the average speed derived from the recorded distance and time in our 

study, however, the distance travelled by the imposed treadmill exercise studies were mostly 

shorter than our study. 
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2.4.2. Effect of HF Diet and Exercise on Hyperglycaemia-associated Phenotypes (Fasting 

Glucose, Insulin and Leptin) 

In the current study, no effect of HF diet was found on the fasting glucose concentration at 

120 days, in contrast with previous studies in which higher fasting glucose concentration was 

found (Cigarroa et al., 2016; Handjieva-Darlenska & Boyadjieva, 2009; Li et al., 2016; Peng 

et al., 2015; Sandoval-Salazar et al., 2016; Shen et al., 2015; Underwood & Thompson, 2016), 

although such an observation was not always present, as other studies had found no 

differences in fasting glucose concentration between diet groups similar to our study 

(Cigarroa et al., 2016; Lee et al., 2015; Tomada et al., 2012). The different observations 

between groups in fasting glucose concentrations may be due to the different combinations of 

rat strain, gender, age at introduction to diet, duration of HF diet exposure, or percentage of 

total calories as fat in the HF diet etc.  

We found no effect of exercise on fasting glucose concentration, which is consistent with all 

previous studies investigated in this chapter (Beaudry et al., 2015; Cigarroa et al., 2016; Rajia 

et al., 2013; Shen et al., 2015; J. Wang et al., 2008; Z. Wang et al., 2012; You et al., 2013), of 

which two were voluntary wheel treadmill exercise, and others were imposed treadmill 

exercise ranging from 10-20 m/min, 30-60 min/day, 5-7 days/week and 3-10 weeks.  

The current study showed higher fasting plasma insulin concentrations in the HF than the 

Chow-fed groups, consistent with most other studies that utilised Sprague-Dawley rats 

(Cigarroa et al., 2016; Lee et al., 2015; Li et al., 2016; Peng et al., 2015), whereas no such 

difference was observed in studies using Long-Evans and Wistar strains (Adams et al., 2015; 

Tomada et al., 2012).  

Our study also found lower fasting plasma insulin concentrations in the running exercise 

group than the spontaneously cage-active group. Most previous studies have similar results, 
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with statistically significantly lower concentrations in the EX groups (Ruegsegger et al., 2015; 

Z. Wang et al., 2012). Altogether, most previous studies showed similar pattern of the effect 

of exercise on fasting plasma insulin concentration, which are consistent with the current 

study.  

Since leptin is produced by adipose tissue (Cammisotto & Bendayan, 2007), it was not 

surprising that voluntary wheel exercise which led to lower percentage body fat also resulted 

in low fasting plasma leptin concentration. The HF diet induced higher fasting plasma leptin 

concentrations than in Chow-fed groups, an observation consistent with previous studies 

(Cigarroa et al., 2016; Collins et al., 2015; Handjieva-Darlenska & Boyadjieva, 2009; Lee et 

al., 2015; Rajia et al., 2013; Yao et al., 2015). Furthermore, voluntary wheel exercise was 

found to reduce fasting plasma leptin concentrations, a similar finding to other studies in 

which rats were exposed to voluntary wheel exercise (Rajia et al., 2013; Ruegsegger et al., 

2015), but was not observed in rats on imposed exercise (12-20 m/min, 30-60 min/day, 5-7 

days/week, 3-7 weeks) (Cigarroa et al., 2016; You et al., 2013).  

Similar fasting glucose concentration and higher fasting insulin concentration in the HF-SED 

group compared to other groups suggest the presence of insulin resistance (Johnson, Duick, 

Chui, & Aldasouqi, 2010), which increases the risks of diabetic hyperglycaemia and the 

development metabolic OA. Positive correlation between fasting leptin and insulin 

concentrations also suggests disruption in the normal regulatory functions of adipo-insular 

axis: insulin promotes leptin production in the adipose tissues, and leptin reduces insulin 

secretion in the pancreas, and in turn prevents the adipogenic effect of insulin (Kieffer & 

Habener, 2000). 

The fasting glucose data in the present study suggest that the rats have not developed diabetes 

induced by the 45% HF diet. However, the different concentration of plasma insulin suggrst a 
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predibetic state within the short exposure to a HF diet. Prolonged intervention (32 weeks old) 

(Tagawa et al., 2016) or higher percentage of fat as calories in diet (58-60%) (Pintana, 

Apaijai, Chattipakorn, & Chattipakorn, 2013; van Haare et al., 2015) may lead to the 

development of diabetes in the HF-SED group, without the induction of diabetes using 

low-dose of streptozotocin.  

 

2.4.3. Effect of HF Diet and Exercise on Dyslipidaemia-associated Phenotypes (Fasting 

Triglyceride and HDL)  

The SED groups had higher triglyceride concentrations than the EX groups, similar to the 

previous studies where significant (Cigarroa et al., 2016; Li et al., 2016; Rajia et al., 2013; 

Shen et al., 2015; Yao et al., 2015) or non-significant (Lee et al., 2015; Sandoval-Salazar et 

al., 2016; Q. Y. Xu et al., 2014) effects of HF diet were found. Exercise was found to lower 

fasting plasma triglyceride concentration in all other rat studies (Pels et al., 1985; Rajia et al., 

2013; Shen et al., 2015; J. Wang et al., 2008). 

However, higher plasma triglyceride concentrations have also been attributed to obesity, 

insufficient exercise, and a diet rich in simple carbohydrates (Downing et al., 2015; Hamilton, 

Areiqat, Hamilton, & Bey, 2001; Warnotte, Gilon, Nenquin, & Henquin, 1994), and not 

directly associated to a HF diet. In fact, calorie restriction and increased fat intake were 

shown to reduce fasting triglyceride in rats (Park, Park, Valacchi, & Lim, 2012). Thus the 

higher triglyceride concentration we observed may be associated with percentage body fat 

gain due to the HF diet, but not directly with the diet per se.  

Our results did not show any effect of HF diet on fasting HDL concentration, which contrasts 

with all previous rat studies in which lower HDL concentrations were found in the HF groups 

compared to the Chow groups (Li et al., 2016; Shaodong et al., 2013; Tomada et al., 2012; Q. 
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Y. Xu et al., 2014; Yao et al., 2015). In contrast, in our study, exercise lowered HDL 

concentration, consistent with most other studies using imposed treadmill exercise (5.4 

m/min, 40 min/day or until exhaustion, 5-7 days/week) (Pels et al., 1985; J. Wang et al., 

2008). Exercised rats fed on HF diet were found to have reduced HDL concentration, due to 

the pre-existing high HDL concentration (Pels, White, & Block, 1985), and this is congruent 

to the current result in which HF-EX group was found to be significantly lower than the 

HF-SED group in post-hoc analysis. There have been many human studies showing that the 

composition of the dietary fat determines the fasting plasma HDL concentrations, instead of 

the amount of dietary fat intake (Mensink, Zock, Kester, & Katan, 2003), and exercise was 

shown to have little effect in altering the HDL level in human studies (Thompson & Rader, 

2001).   

 

2.4.4. Effects of HF Diet and Exercise on Inflammatory Cytokines  

2.4.4.1.  

tissues (Borst & Conover, 2005; Morin, Eckel, Marcel, & Pagliassotti, 1997), rat plasma 

(Hazman & Ovali, 2015) and in mouse plasma (Lai, Chen, & Cheng, 2013; Liu et al., 2013; 

McGrath et al., 2014; Sayej et al., 2016). The current study also showed that exercise 

downregulated plasma , which is also consistent with the literature in 

which a range of exercise modalities were found to reduce 

tissues in rats (Speretta et al., 2012; Teixeira de Lemos et al., 2009; Zanchi, Lira, Seelaender, 

& Lancha-Jr, 2010) and in human (Gatta et al., 2012; Pakiz, Flatt, Bardwell, Rock, & Mills, 
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2011; Schumacher et al., 2006; Smith et al., 1999). The observed changes in 

concentration due to the effect of HF diet and exercise are congruent with the literature.  

Furthermore, plasma tration was positively correlated with a range of metabolic 

phenotypes namely percentage body fat, fat/lean ratio, fasting plasma concentrations of 

insulin, leptin, triglyceride and HDL, suggesting a presence of chronic low-grade 

inflammation associated with diet-induced obesity, and its metabolic and inflammatory 

complications. One possible mechanism 

NF- on in a range of different tissues such 

as bone marrow, liver, muscles (Borst & Conover, 2005; Morin, Eckel, Marcel, & 

Pagliassotti, 1997).   

 

2.4.4.2. IL6 and IL10 

In the current study, an interaction between diet and exercise was found in plasma IL6 

concentration, and hence no definite effects of diet or exercise could be inferred based on the 

results. Literature showed that HF-diet (Cortez, Carmo, Rogero, Borelli, & Fock, 2013; 

Pimentel et al., 2013; S. P. Xu, Mao, Cheng, & Chen, 2013) and exercise (Drenth et al., 1995; 

Langberg et al., 2002; Nielsen et al., 2016) upregulate IL6 concentrations in plasma and 

tissues across a number of species including rats. The effect of exercise may depend on the 

amount undertaken, wherein over-trained rats doing 25 m/min for 60 min showed higher 

plasma IL6 concentration than the moderately trained rats doing 20 m/min for 30 min 

(Gholamnezhad, Boskabady, & Hosseini, 2014).  

Literature indicated that HF diet (45-60% of fat as calorie source) reduces IL10 concentration 

across a range of tissues in rats, including liver, spleen, muscle, and bone marrow (Carmo et 

al., 2013; Gotoh et al., 2012; Pimentel et al., 2013; Speretta et al., 2012). Plasma IL10 
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concentration under the effect of HF diet was never reported in rats. Exercise was found to 

upregulate IL10 concentrations in plasma and a number of tissues in rats that underwent 

imposed exercise (Batista et al., 2010; Gholamnezhad et al., 2014; Nunes, Alves, Kessler, & 

Dal Lago, 2013; Rojas-Ortega et al., 2015). In comparison, the current study found no effects 

of HF diet or exercise.  

Plasma IL6 and IL10 concentrations in the current study were dissimilar to the previous 

studies, in that no definite effects of HF diet and voluntary exercise were found, compared to 

IL6 upregulation by HF diet and imposed treadmill exercise, or IL10 upregulation by 

imposed treadmill exercise. This is most likely due to the lower percentage of fat as calorie 

source in HF diet and the utilisation of voluntary exercise. 

 

2.4.4.3.  

There are very few animal studies that examined 

-inflammatory 

effects of safranal on HF diet- and streptozotocin-induced diabetic Wistar-Albino rats, 

Suguna et al. (2013) investigated the anti-inflammatory effect of thymoquinone on HF 

diet-fed Wistar-Albino rats for treating pancreatitis. McGrath et al. (2014) investigated the 

therapeutic effects of HDL on insulin resistance and hepatic inflammation in C57BL/6 mice 

fed on a HF diet. The current study found no effect exerted by HF diet on the plasma 

 

No previous stu

adults (Di Renzo et al., 2007), this was not observed in the rats in this study.  
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found to be upregulated by HF diet in plasma (Hazman & Ovali, 2015; Suguna, 

Geetha, Aruna, & Siva, 2013) and other tissues (Luo et al., 2014; Sobesky et al., 2014) in rats, 

which differs from the current results. As for exercise, previous studies found no changes in 

(Drenth et al., 1995; Langberg, 

Olesen, Gemmer, & Kjaer, 2002; Nielsen, Oktedalen, Opstad, & Lyberg, 2016), but no 

similar plasma results in rats were found in the current study.  

HF diet wa

e study (McGrath et al., 2014), but no 

differences between diet groups were found in one rat study (Hazman & Ovali, 2015). Cell 

culture studies using primary natural killer (NK) cells and lymphocytes from mice exposed to 

cise was found to downregulate 

with the 

-derived NK 

cells, but the study design was dissimilar in animal gender and exercise modality, in which 

56-day-old female Sprague-Dawley rats were exposed to a 9-week progressive weight 

training (Ru & Peijie, 2009). Due to the lack of rat studies investigating the effect of exercise 

ities (Goldhammer et al., 2005; Reed, 

De Souza, & Williams, 2010; Smith, Dykes, Douglas, Krishnaswamy, & Berk, 1999). 

 

2.4.4.4. Summary 

The rats described in the previous studies included in this discussion were exposed to a HF 

diet either at a young age (immediately post-weaning or around 3-4 weeks old) or at an older 

age (8-17 weeks old). The effects of HF diet on some of the metabolic phenotypes were 
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similar between the young and old rats: fasting plasma leptin concentration was found to be 

upregulated by HF diet; fasting glucose concentrations were either higher in the HF groups, 

or were not different between the HF and Chow groups. On the contrary, the dietary effect of 

HF content was found to affect fasting insulin and triglyceride concentrations differently 

between the young and old rats, wherein the fasting insulin and triglyceride concentrations 

were found to be significantly higher in the young HF groups compared to young Chow 

groups, whereas such inter-group difference was seldom significant between the older rats. 

These observations in the young rats were congruent to those in our rat model.  

Of the 16 studies that exposed rats to HF diet, only one of them investigated the pathogenesis 

and progression of metabolic OA (Collins, Reimer, Seerattan, Leonard, & Herzog, 2015). In 

this study, the male Sprague-Dawley rats were either allocated in the diet-induced obesity 

(DIO) group fed with a high-fat (40% of total calories), high-sucrose (45% of total calories) 

diet, or in the low-fat diet (LFD) group that received standard low-fat (12%) diet for a 

duration of 16 weeks since 8-12 weeks old. At 20-24 weeks old, the rats in each diet group 

received either anterior cruciate ligament transection (ACL-X), sham surgery (Sham) or no 

surgery (Naïve). At 36-40 weeks old, the rats were sacrificed by barbiturate overdose and 

their hyaline articular cartilage tissues were evaluated by Modified Mankin scoring (which 

included three components: tissue structure, cellularity and matrix staining) and lesion count 

in five regions (medial and lateral tibial plateau, medial and lateral femoral condyle, and 

patella). Their results showed no differences in knee joint damage between the ACL-X and 

sham surgery groups, no differences in knee joint damage between the surgically operated 

limb and the contralateral limb, and DIO groups and LFD-ACL-X group had similar degree 

of knee joint damage compared to the LFD-Sham and LFD-Naïve groups. Modified Mankin 

Scores were significantly higher in the DIO groups compared to the LFD groups, and there 
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w

Modified Mankin score of the contralateral limb and percentage body fat. 

Furthermore, Collins et al. (2015) also measured metabolic and inflammatory cytokine serum 

concentrations, and found higher leptin concentration in the DIO groups compared to LFD 

groups, and no differences in I , 

groups and Chow groups. These results are similar to those demonstrated in our rat model, 

wherein the HF groups had higher leptin concentrations compared to the Chow groups, and 

no differences in plasma concentrations of I , 

HF groups and the Chow groups. One human study identified a positive association between 

serum leptin concentration and OA progression. The study recruited 138 Canadian OA 

patients (age range 40-80, mean age 61, male 32%) diagnosed with primary knee OA of the 

medial tibiofemoral compartment based on the clinical and radiological criteria of the 

American College of Rheumatology, and they found greater odds ratio (OR) of cartilage 

volume loss in the medial compartment in patients with the highest tertile of serum leptin 

concentration (OR= 2.78, p= 0.038) (Martel-Pelletier, Raynauld, Dorais, Abram, & Pelletier, 

2016). This necessitates further investigation of the role and mechanisms of leptin in OA 

pathogenesis and progression using animal OA models which allow tissue extraction for 

experimental investigation for understanding the mechanisms of OA pathogenesis, in contrast 

to human studies where usually only advanced OA tissues are available for extraction 

following arthroplasty. Two rat studies showed conflicting results on the role of leptin in OA 

pathogenesis and progression, in which one study found that intra-articular injection of leptin 

in male Wistar rats resulted in a dose-dependent increase of growth factors such as IGF1 and 

(Dumond et al., 2003), whereas leptin suppressed the 

expression of uncoupling protein 4 (UCP4), a protein that is known to reduce the production 

of reactive oxygen species and attenuate OA progression in 13-week-old male 
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Sprague-Dawley rats which underwent ACL-X operation (Huang et al., 2016). As previously 

discussed, our rat model showed similar effects of HF diet on upregulating plasma leptin 

concentration, and that leptin has been studied for its role in OA pathogenesis and 

progression in human and animal studies, our rat model provides a good experimental tool for 

investigating the effects of diet-induced obesity on early OA pathogenesis associated with 

changes in plasma leptin concentration.  

Despite the aforementioned similarities in the phenotypic measurements between Collins et al. 

(2015) and our rat model, there are also differences such as 

these differences may be attributed to the difference in diet in which Collins et al. used a diet 

combined of 40% fat and 45% sucrose, compared to our HF diet (45% fat) containing no 

sucrose. Furthermore, Collins et al. compar

LFD groups which underwent ACL-X and sham surgery, and hence their result of no 

comparable to our rat model, in which no surgical operation was carried out. Our rat model 

with a number of previous studies in rats (Hazman & Ovali, 2015) and mice (Lai, Chen, & 

Cheng, 2013; Liu et al., 2013; McGrath et al., 2014; Sayej et al., 2016), and indicates a 

presence of chronic low-

concentration is a plausible feature of metabolic OA. 

Taken together, our rat model showed similar metabolic and inflammatory states compared to 

other obesogenic and metabolic OA rat/animal models. Most of the metabolic measurements 

indicated the effects of HF diet on the development of obesity, diabetes (Frayn, Hodson, & 

Karpe, 2010; Marshall & Bessesen, 2002) and dyslipidaemia (Ipsen et al., 2016; Uetake et al., 

2015), which are components of human metabolic syndrome, and the presence of which in 

human patients added the risks of occurrence and progression of knee OA (Yoshimura et al., 
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2012). Compared to obese patients, those with concurrent obesity and metabolic syndrome 

have increased risks and severity of hand and knee OA (Berenbaum, Griffin, & Liu-Bryan, 

2016). In the current study, percentage body fat and fat/lean ratio presented diet-induced 

obesity; fasting concentrations of glucose, insulin and leptin indicated the presence of insulin 

resistance (precursor to diabetes) in the HF-SED group; fasting plasma concentrations of 

triglyceride also suggests the presence of dyslipidaemia in the HF-SED group. Furthermore, 

obesity 

(Tzanavari, Giannogonas, & Karalis, 2010), which in turn results in increased production of 

other cytokines and proteinases by synoviocytes (Hamada et al., 2016) and chondrocytes 

(Xue, Wang, Liu, & Luo, 2013), as well as chondrocyte apoptosis (Aizawa, Kon, Einhorn, & 

Gerstenfeld, 2001), ultimately contributing to the development and progression of OA. 

 

2.5. Conclusion 

To evaluate the suitability for the rat model used in the current study for investigation of 

metabolic OA, the metabolic profile and the plasma cytokines were compared to other 

obesogenic and metabolic OA models. The metabolic profile of the ral model utilised in the 

current study was very similar to the other rat studies. The comparison of plasma cytokines 

could not be established due to the lack of relevant previous studies. However, evidence for a 

chronic low-grade inflammation was found in the current study.  

Based on the similar metabolic phenotypes associated with metabolic OA between the current 

study and the previous studies, and the presence of a chronic low-grade inflammation state, 

the suitability of the current rat model for further investigation in the pathogenesis of 

metabolic OA is confirmed. This allows further investigation in early metabolic OA changes 

that could not be observed using histomorphological methods, but detectable using assays 
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that measure early changes such as AGE accumulation in hyaline articular cartilage (Chapter 

3), GAG release and cytokine release in explant cultures (Chapter 4). 
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Chapter 3. Effects of High-fat Diet and Voluntary Wheel Exercise 

on Tissue AGE Levels in Young Male Sprague-Dawley Rats 

3.1. Introduction 

HF diet increases accumulation of AGEs through absorption of high AGE content in HF food 

(Uribarri et al., 2010) and/or endogenous formation through lipid peroxidation (Ott et al., 

2014). In contrast, exercise has been shown to reduce AGE accumulation, whereby exercised 

individuals had lower plasma (Yoshikawa, Miyazaki, & Fujimoto, 2009) and tendon AGE 

concentration (Couppe et al., 2014). Smaller AGEs bound to single amino acid (220-545Da) 

are readily excreted in urine (Svistounov et al., 2013), whereas larger molecular weight AGEs 

(> 545Da) species can accumulate within the liver and kidneys, and over time, result in 

reduced hepatic disposal and renal elimination of AGEs (Semba, Nicklett, & Ferrucci, 2010). 

The main pathway that AGEs accumulate in cartilage is believed to be via crosslinking with 

collagen molecules (Verzijl et al., 2002), and AGEs accumulation in cartilage is strongly 

correlated with aging and OA severity (DeGroot et al., 2004; Hirose et al., 2011; Ling et al., 

2001; Schwab et al., 2002). However no studies have evaluated how HF diet may affect AGE 

metabolism and accumulation within cartilage, and if AGEs contribute to the pathogenesis of 

metabolic OA.  

Therefore, the overall aim of this chapter was to determine if a HF diet, given for a short 

period as previously described in this thesis, resulted in increased concentration and/or 

accumulation of AGEs in plasma, liver, kidney and femoro-tibial joint (FTJ) cartilage. 

Further, given the clear effect of voluntary wheel exercise on metabolic phenotypes and 

inflammatory plasma cytokine levels shown in Chapter 2, this chapter further examined the 

effects of voluntary wheel exercise on AGE concentrations in both Chow and HF groups in 

plasma, liver, kidney and cartilage.  
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Specifically, the first step was to measure fasting AGE concentration in plasma, which 

indicates systemic AGE accumulation in the body (Cakatay, Kayali, & Uzun, 2008; 

Komosinska-Vassev, Olczyk, Winsz-Szczotka, Klimek, & Olczyk, 2012; Pandey, Mehdi, 

Maurya, & Rizvi, 2010). The second step was to measure AGE accumulation in liver and 

kidney, which are known sites for AGE metabolism (Svistounov et al., 2013) and elimination 

(Vlassara & Striker, 2011). The AGE accumulation status of these organs furthers 

understanding how lifestyle may affect AGE metabolism and elimination. The third step was 

to evaluate how HF diet and voluntary exercise affects AGE accumulation in the hyaline 

articular cartilage of the FTJ using IHC. One of the AGE species known to accumulate in the 

cartilage, CML, was also examined (Schwab et al., 2002; Verzijl et al., 2000). RAGE 

distribution was also examined as it has been shown to bind to AGEs and trigger a range of 

pro-inflammatory cytokines.  

This chapter hypothesised that:  

 HF chow has a higher AGE content than standard control chow. 

 Rats exposed to different nutritional and physical activity environments will have 

different levels of:  

 Fasting plasma, liver and kidney AGE concentrations  

 AGE and CML accumulation and RAGE expression in hyaline articular 

cartilage 

 Histopathological OA features within the knee joint  
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3.2. Methods 

3.2.1. Food Sample Preparation for AGE Measurement 

Samples of control chow (2018, Harlan Tekland Global Diet) and HF chow (D12451, 

Research Diets) were homogenized in 2ml of phosphate-buffered saline (PBS). The 

homogenate was centrifuged at 8,000 x g at 4°C for 15 min. The supernatant was stored for 

AGE measurement. 

 

3.2.2. Liver and Kidney Sample Preparation for AGE Measurement 

Immediately following euthanasia, the liver and kidneys were removed from each animal (n = 

40), blotted dry, weighed, washed in 1x penicillin-streptomycin PBS, wrapped in tin foil and 

kept on ice until they were transferred in to storage at -20°C. 

To extract supernatant containing AGEs from the liver and kidney, tissues first underwent 

delipidation and homogenization based on methods described by Nakayama et al. (1993). 

Approximately 100 mg (±3 mg) of each tissue was excised, washed with ice-cold distilled 

water and blotted dry. Each sample was placed in a mixture of chloroform and methanol (2:1 

v/v) on a shaker at 4°C overnight. The next day, samples were washed with ice-cold 

methanol 3 times and ice-cold distilled water 3 times, then homogenized in 1ml 0.1N NaOH. 

The homogenate was centrifuged at 8,000 x g at 4°C for 15 min. The supernatant was 

retrieved for AGE measurement. 

 

3.2.3. ELISA for AGE Measurement 

itive ELISA Kit (STA-817, Cell Biolabs, Inc.) was used for the 

measurement of AGE levels in food, plasma, kidney and liver samples according to the 
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instruction manual. Briefly, concentrated conjugate diluent and AGE conjugate were 

prepared according to the 

well and incubated at 4°C overnight. The wells were washed with PBS and added with assay 

diluent, and incubated at room temperature for 1h. After incubation, the wells were emptied 

 either standards or samples were added, for 10 min at room temperature, 

-horseradish 

peroxidase (HRP) 

solution for 2 min before the addition of stop solution, depending on the reaction time. The 

plate was read at 450nm using Synergy 2 Multi-

Analysis Software. 

 

3.2.4. Assessment of FTJs using the OARSI Criteria for Osteoarthritis. 

The preparation, fixation and sectioning of the left FTJ were completed by Samuel Sinclair 

Femoro-Tibi , 2016). Joints were fixed in 4% 

paraformaldehye, decalcified in 35% formic acid/formate buffered solution and processed 

into paraffin wax for histological sectioning. Joints were sectioned in the sagittal plane and 

toluidine blue staining was performed on the sagittal sections in the middle of the lateral 

condyle for OA grading based on the OARSI recommendations for histological assessments 

of OA in the rat (Gerwin, Bendele, Glasson, & Carlson, 2010). No joints from any group 

showed any early OA histopathology (data not shown). 
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3.2.5. IHC for AGEs/CML/RAGE on FTJ Cartilage 

Immunohistochemistry was performed on the sagittal sections from the middle of the medial 

condyle using ProMark Mouse-on-rat HRP Polymer Bundle (MRT511, Biocare Medical), 

which consists of Rodent Block R and Mouse-on-rat HRP-Polymer. Slides from five 

randomly selected rats per group underwent IHC for AGEs (total), CML and RAGE. 

Negative control slides without incubation of primary monoclonal antibodies were also 

included. The FTJ slides were incubated at 60°C for 1h, followed by deparaffinisation and 

hydration in xylene, graded ethanol and distilled water. Enzymatic antigen retrieval was 

performed using 2 mg/ml testicular hyaluronidase at 37°C for 2h. Blocking was performed by 

immersing slides in 3% hydrogen peroxide. After washing with distilled water, sections were 

incubated with Rodent Block R for 30 min at room temperature and washed in 0.1M 

tris-buffered saline (TBS). Sections were incubated with primary antibody (Table 3-1) for 2h 

at room temperature and washed in TBS. The sections were then incubated with diluted 

-

as 

followed by a wash with distilled water. The sections were dehydrated and coverslipped 

using dibutyl phthalate xylene (DPX) mounting agent.  

Antigen Product 
No. 

Manufacturer Concentration 
used 

Samples/Group 

Advanced glycation end-products KH001 TransGenic Inc.  10 
Carboxymethyl-lysine KH024 TransGenic Inc.  5 

Receptor for advanced glycation 
end-products 

MAB5328 Merck Millipore  5 

 

3.2.6. IHC Image Assessment 

The slides were imaged using MetaSystems Vslide Slide Scanner. It consists of a Zeiss Axio 

Imager Z2 fully motorised microscope with an automated 80 slide feeder. The slides were 

acquired at the same exposure and 20x magnification. The images were qualitatively assessed. 
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All IHC images including the negative controls are stored in the following Dropbox link, and 

will be available from the 1st December 2016 to 31st May 2017: 

https://www.dropbox.com/sh/39fzvbwx2upgrqg/AAC-8NWpd_rUQmlD-J6AMiwwa?dl=0. 

 

3.2.7. Statistics 

To assess the effects of diet and exercise on systemic AGE concentration in plasma, liver and 

kidney (n=10/group), two-way ANOVAs and Tukey-Kramer post-hoc tests were used.  

used (n=10/group).  

SAS 9.3 (SAS Institute) was used for statistical analysis. GraphPad Prism 6 (GraphPad 

Software, Inc.) was used for graph generation. For all analyses, a p-value lower than 0.05 was 

considered statistically significant. 
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3.3. Results 

3.3.1. Food AGE Concentration 

The standard chow diet contained ed 

   

 

3.3.2. Plasma AGE Concentration 

A summary of AGE concentration in fasting plasma samples of rats from the four lifestyle 

groups is presented in Figure 3-1. No significant interaction (p= 0.1742), dietary (p= 0.3302) 

or exercise (p= 0.1338) effects were found in plasma AGE concentration.  
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3.3.3. Liver and Kidney AGE Concentration 

A summary of AGE concentration in the liver and kidney samples of rats is presented in 

Figure 3-2.  

  

 

No significant interaction was found between the effects of diet and exercise on liver AGE 

concentration (p=0.2214). No significant effect of diet was found on liver AGE concentration 

(p= 0.2354). However, the EX groups had lower liver AGE concentration than SED groups 

(p= 0.0064). Liver AGE concentration in the Chow-EX group was significantly lower than 

the SED groups, wherein Chow-EX group had a lower mean liver AGE concentration than 

the Chow-SED group (p=0.0299) and the HF-SED group (p=0.0288).  

A significant interaction between the effects of diet and exercise was found in kidney AGE 

concentration (p= 0.0386). However, no significance was found in diet (p= 0.1397) and 

exercise (p= 0.8769). The Chow-EX group had a higher mean kidney AGE concentration 

than the Chow-SED group (p= 0.0047), the HF-SED group (p= 0.0015), and the HF-EX 

group (p= 0.0004). 
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3.3.4. Correlations between AGE Concentrations 

While no significant correlations were found among plasma, liver and kidney AGE 

concentrations, the correlation between plasma and liver AGE concentrations was positive, 

whereas the correlations between plasma and kidney, and between liver and kidney were 

negative.  

  Plasma AGE 
  Chow-SED HF-SED Chow-EX HF-EX Total 

Liver AGE  r 0.150 0.398 -0.648 -0.219 0.122 
p 0.701 0.255 0.059 0.571 0.474 

Kidney AGE  r -0.573 0.288 0.037 -0.198 -0.266 
p 0.083 0.419 0.919 0.583 0.097 

  Liver AGE  
  Chow-SED HF-SED Chow-EX HF-EX Total 

Kidney AGE  r -0.085 -0.148 0.076 -0.269 -0.250 
p 0.828 0.683 0.846 0.484 0.136 
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3.3.5. AGE Accumulation in the FTJ 



 

101 
 

Immunohistochemistry showed intracellular (cytoplasmic and nuclear) staining of AGEs in chondrocytes. Chow-SED group showed 

intracellular staining restricted to the superficial zone, in contrast to other groups which showed deeper localisation of AGEs in the hyaline 

articular cartilage in addition to the superficial zone. However, the intensity of the AGE immunoreaction was considerably variable within each 

group. All images are available in the link stated in 3.2.6. AGEs were also present in the meniscus and synovium in all groups. 
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3.3.6. CML Accumulation in the FTJ 
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Immunohistochemistry showexd intracellular (cytoplasmic) staining of CML in chondrocytes in the superficial zones of all groups. Possible 

matrix staining in the ECM was observed in the Chow-SED, HF-SED and HF-EX groups, but not in the Chow-EX group; ECM staining was 

mostly in superficial and middle zones in Chow-SED group, but was more variable in the HF-SED group, and was restricted in the superficial 

and deep zones of the HF-EX group.  
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3.3.7. RAGE Expression in the FTJ 
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Immunohistochemistry showed intracellular (cytoplasmic) staining of RAGE in chondrocytes in all groups and throughout the entire depth of the 

articular cartilage, although superficial zone chondrocytes showed the greatest intensity of staining. The intensity of staining appeared greater in 

HF-SED and Chow-EX compared to the Chow-SED rats. RAGE was expressed in the meniscal cells. No or little immunoreactivity was 

observed in the synovium or the calcified cartilage zone. 
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3.3.8. Osteochondrosis, Instead of Osteoarthritis, Was Found in the FTJ 

The current study had identified the presence of osteochondrosis (OC) in the medial femoral 

condyle. The OC chondrocytes appeared hypertrophic and did not stain strongly for AGEs, 

CML or RAGE (not shown). As shown in Figure 3-2 - Figure 3-5, there was no evidence of 

OA changes in the articular cartilage in any group. Instead, many rats exposed to the HF diet 

developed osteochondrosis-like lesions (S. Haysom). Figure 3-6 A&B, data used with 

, showed that HF diet resulted in greater number 

of OC lesions in young rats, whereas voluntary exercise did not have an effect.  
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3.4. Discussion 

3.4.1. Dietary AGE Concentration 

The HF diet used in the current study contained around 4 times more AGEs than the Chow 

diet. During manufacture, approximately 20.7% of lard was added into the Research Diets 

D12451 HF pellets, in comparison to the Teklad Global 18% protein standard chow which 

contained no animal proteins or lard. This difference may explain the different AGE 

concentrations observed, as it was shown that animal source ingredients contained more 

AGEs than plants (Uribarri et al., 2010).  

While concomitantly high contents of dietary fat and AGEs may represent a more realistic 

Western diet in real life, it adds complexity to interpretation and limitation since it is not 

easily distinguishable between the effects of dietary fat and AGEs. Additionally, the 

HF/high-AGE (HAGE) diet also contributes to AGE accumulation via the absorption of 

exogenous dietary AGEs and via enhanced endogenous AGEs due to dietary fat. Removing 

these confounding factors and adjustment for the same amount of dietary fat or AGE content 

in future animal studies may be valuable to provide further insights as to how dietary fat or 

AGEs contribute to the development of metabolic OA. In this thesis, the HF/high AGE diet 

used current experiments will still be referred to as HF diet. 

3.4.2. Fasting Plasma AGE Concentration and AGE Concentrations in Liver and Kidney 

The current study found no effects of HF diet or exercise on the fasting plasma AGE 

concentration. Some studies have also found no differences in fasting plasma AGE level in 

the HF diet groups (Marungruang, Fak, & Tareke, 2016; Semba et al., 2014) or even in high 

AGE/CML groups (Alamir et al., 2013; M. Li et al., 2015; Roncero-Ramos et al., 2014; 

Sebekova et al., 2012). However, it should be emphasized that most of these studies found 

AGE accumulation elsewhere in the body. As demonstrated in previous AGE biodistribution 
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studies, intravenous administrations of radio-labelled AGEs/CML were readily cleared from 

the circulation within 2h (Svistounov et al., 2013; Xu, Wang, Wang, Hu, & Liu, 2013). 

Plasma AGE concentration is tightly controlled by the liver and kidney (Svistounov et al., 

2013; Tsutsui et al., 2016), and elevated plasma AGEs are most likely a consequence of 

reduced AGE metabolism in the liver and kidney due to age (Svistounov et al., 2013) or 

disease (Perkins et al., 2012). This may explain why no differences in fasting plasma AGE 

concentration in this study were observed in the rats exposed to different nutritional and 

physical activity environments. 

In contrast, the current study found that HF groups had higher liver AGE concentrations than 

the Chow groups (insignificant p-value), and the EX groups had lower liver AGE 

concentrations than the SED groups (p= 0.0064). Previous studies have demonstrated that 

liver is the major organ of AGE accumulation (Svistounov et al., 2013; Tsutsui et al., 2016). 

Not only were the HF groups exposed to a diet rich in AGEs, the resulting adiposity due to 

the HF diet also provided opportunity for endogenous AGE formation via lipid peroxidation 

(Ott et al., 2014). Exercise possibly prevented liver AGE accumulation by reducing adiposity 

and endogenous AGE formation. Based on the current results, the effect of exercise may 

outweigh the dietary effect in young animals in reducing liver AGE concentration.  

Furthermore, the current study also found a slightly higher kidney AGE concentration in the 

Chow-EX group, whereas all other groups showed no differences. To date, there have been 

only two animal studies that investigated the effects of exercise on renal health in association 

with AGE accumulation. One study exposed obese Zucker rats to 10 weeks of imposed 

treadmill exercise, and found reduced AGE crosslink density in the renal cortex, glomeruli 

and medullary interstitium (Boor et al., 2009). In contrast, another study exposed Wistar rats 

and Goto-Kakizaki rats (spontaneously diabetic, non-obese sub-strain of the Wistar strain) to 

15 weeks of imposed treadmill exercise, and found higher AGE accumulation in the proximal 
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tubule cells of the exercised rats (Tsutsumi, Murata, Sakamoto, & Horikawa, 2015). While 

both obese Zucker rats and Goto-Kakizaki rats spontaneously develop diabetes, the 

Goto-Kakizaki rats do not spontaneously develop obesity, and this may explain the 

differences observed in the literature: exercise may have a beneficial effect of enhancing 

renal AGE metabolism and elimination, and such effect is manifested differently in renal 

AGE accumulation in the obese and non-obese rats, which have higher and lower overall 

AGE concentrations in the body, respectively. Enhanced AGE elimination reduces 

pre-existing high renal AGE concentration in the obese rats, whereas enhanced AGE active 

uptake is manifested as higher renal AGE concentration in the non-obese rats. This is 

supported by our ELISA results wherein the Chow-EX group showed higher renal AGE 

concentration compared to the HF-EX group, and the correlation analysis wherein the renal 

AGE concentration was negatively correlated with both plasma and liver AGE concentrations. 

Although there was no significant difference between the HF-SED and HF-EX groups 

(showing no effect of exercise in HF groups), this may be due to the young age of rats and the 

slower uptake of renal AGEs compared to liver. Further IHC investigation may be carried out 

to determine if the Chow-EX group had stronger intracellular AGE staining in the kidneys, 

indicating enhanced AGE active uptake by renal proximal tubule cells that was detected by 

ELISA in the current results. Additionally, further IHC investigation of cytokines (e.g. 

and IL6) or receptor expressions (e.g. RAGE) can also detect the presence of inflammatory 

state and degeneration associated with AGEs in both liver and kidneys (Linden et al., 2008; 

Navarro et al., 2016).  

 

3.4.3. AGE and CML Accumulation, and RAGE Expression in the Medial Femoral Condyle 

Our results showed that intracellular AGE accumulation was mostly found in the superficial 

zones across all groups, and intracellular AGE accumulation was less frequent in the middle, 
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deep and calcified zones. Furthermore, intracellular CML accumulation was also found in the 

superficial zones across all groups. Possible ECM staining of CML was observed in all 

groups except for Chow-EX group, wherein CML was observed in the superficial and middle 

zones of the Chow-SED group, more variable in the HF-SED group, and restricted in the 

superficial and deep zones of the HF-EX group. However, we acknowledge that only 3-5 

samples per group were assessed for CML staining, and further IHC work for other samples 

is needed. 

To date, there have been no studies that investigated the effects on HF diet and/or voluntary 

exercise on AGE accumulation/distribution in the hyaline articular cartilage. A few studies 

have compared AGE distribution between healthy and OA human knee cartilage. Schwab et 

al. (2002) investigated CML distributions in 26 human knee joints, half from OA patients and 

half from patients of knee injury or body donors (demographics unknown), and they found 

that CML was localised to the ECM of the superficial zone in healthy cartilage, but was 

distributed in the ECM and the cytoplasm of chondrocytes in the middle, deep and calcified 

zones in OA cartilage. However, the authors acknowledged a large degree of immunoreaction 

between samples. A later study by Hirose et al. (2011) investigated CML distribution in the 

OA knee joint cartilage tissues from 9 patients (2 males, mean age 75.8, range 69-80) and 

compared that to intact cartilage from the lateral tibial plateau from the same patients, and 

found similar CML distribution in OA tissue as described by Schwab et al. (2002). These 

studies showed evidence that CML distribution seems to be more variable across different 

zones in the hyaline articular cartilage of human OA knee joint, in contrast to being restricted 

to the superficial zone of healthy cartilage. While much work is needed to build inference 

from the CML distribution in human OA joint cartilage to the effect of HF diet and voluntary 

exercise on CML distribution in animal hyaline articular cartilage, the current study also 

found intracellular and ECM CML staining across the zones of the FTJ cartilage tissues in the 
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HF-SED group, suggesting early molecular changes associated with OA. The lack of CML 

ECM staining in the Chow-EX group may be associated with voluntary exercise, as one study 

exposed old C57BL/6 mice (28-30 month old) to imposed treadmill exercise for 10 weeks 

showed higher type I collagen mRNA level in the Archilles tendon and less AGE crosslinks 

in the tibialis anterior tendon compared to the sedentary mice (Wood & Brooks, 2016), 

although further investigation on type II collagen turnover in the joint cartilage affected by 

voluntary exercise is needed.  

Our study found that RAGE was expressed in the chondrocytes mostly in the superficial 

zones, although intracellular RAGE expression was also found less frequently in the middle, 

deep and calcified zones. To date, there have been no studies that investigated the effects of 

HF diet and/or voluntary exercise on RAGE expression in the hyaline articular cartilage. A 

few studies have investigated OA-associated RAGE expression in monkeys and human 

patients compared to healthy knee joint cartilage: Loeser et al. (2005) investigated the healthy 

and OA joint cartilage tissues from 6 tissue donors (age 21-85) and 3 OA patients (ages: 57, 

64 and 76), as well as monkey knee tissues from 20 young and old adults (age: 8-27; OA was 

scored using a 7-point modified Mankin score by the same authors (Loeser et al., 2000)), and 

they found that RAGE expression was mostly in the superficial zone chondrocytes in healthy 

human and monkey knee cartilage, which is similar to our finding across the FTJ sections of 

all rats, of which none have demonstrated OA histomorphological features. In contrast, 

Loeser et al. (2005) and Terada et al. (2011) observed more positively stained chondrocytes 

in human OA knee cartilage, of which Terada et al. (2011) used OARSI score system and 

found that the proportion of positively stained chondrocytes was lower in Grade 1 compared 

to other more severe grades. These findings may be useful for defining metabolic OA in 

future animal studies. 
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3.4.3.1. Osteoarthritis versus Osteochondrosis 

The current study showed that a HF diet did not cause any degradation of the articular 

cartilage or the surrounding joint tissues. This is most likely due to the limited time that the 

animals were exposed to the obesogenic environment. However, the current study had 

identified the presence of osteochondrosis (OC) in the epiphyseal cartilage. Osteochondrosis 

is defined by the focal failure of endochondral ossification with persistent growth of cartilage 

due to undifferentiated chondrocytes. Toluidine blue staining (Figure 3-6) showed identical 

results as those found by Kato and Onodera (1984), who were possibly the first and the few 

who identified OC in rats. Haysom et al. (unpublished) showed that body weight and 

percentage body fat significantly correlated with the presence of OC lesion. AGE staining 

was undetected in the ECM and chondrocytes of the retained epiphyseal growth cartilage 

(Figure 3-6), similar to the staining pattern observed in the calcified zone of the unaffected 

areas of the joint. 
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3.5. Limitations 

3.5.1. Utilisation of Different AGE Assays  

One of the limitations in AGE research is the variety of AGE assays utilised by different 

research groups that made direct comparison between studies difficult. Different assays based 

on the same technique may also differ, as demonstrated in Table 3-3 which shows four 

animals studies using rat models and measured serum/plasma AGEs, of which Chen et al. 

(2015) used the same ELISA kit as the current study, and found serum AGE levels of the 

control rats around similar range (98-

Shimomoto et al. (2012) used an ELISA kit manufactured by another company, which gave 

measurements at a much lower range of serum/plasma AGE concentration (2- g/ml) in 

control rats. Even though there are differences in objectives, study design, animal strain, 

intervention etc., it is unlikely that physiological plasma AGE levels in the control groups of 

the same species would manifest such great variance. This difference in AGE range is most 

likely accounted by the different analytical method/commercial kits used, which may be 

sensitive to different range or species of AGEs. Previous studies have shown that AGEs are a 

heterogeneous group and possess a number of major epitopes expressed commonly in 

different species (Ikeda et al., 1996), as well as specific epitopes for specific AGE species 

(Koito, Araki, Horiuchi, & Nagai, 2004; Nagai et al., 2008). Due to the different assortment 

of antibodies with different epitope recognition sites, the AGE species recognized in each 

ELISA kit are assumed to vary. Future development of a reliable and reproducible AGE 

assay is warranted for comparison between studies and the formulation of systematic reviews 

and meta-analysis, and to ultimately progress our understanding of AGEs. 
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 OxiSelect STA-817  Cusabio Biotech  
Year of publication  2015 2015 2012 
Authors Yu et al. Chen et al. Kazeem et al. Shimomoto et al. 
Animal Sprague-Dawley rats Sprague-Dawley rats 

 
Wistar rats 
 

Fischer 344 rats 

Interventions Standard chow 
 
HF chow 
 
Standard chow + 
exercise 
 
HF chow + exercise 

None Healthy rats given 
distilled water 
 
Diabetic rats given 
distilled water 
 
Diabetic rats given 
free polyphenol 
extracts 
 
Diabetic rats given 
bound polyphenol 
extracts 
 
Diabetic rats given 
glibenclamide 

Control diet 
 
Linoleic acid diet 
 
Control diet + glucose 
 
Linoleic acid diet + 
glucose 

 120-225 98-186 2-7 2-5 
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3.5.2. HF/HAGE Diet and Exogenous and Endogenous AGEs 

A major limitation in the current study is the use of HF/HAGE diet instead of a 

HAGE diet, which excludes the dietary fat as a confounder. However, the use of a 

HF/HAGE diet would be more reflective of a Western diet and metabolic OA 

observed in humans.  

Another limitation is the difficulty to distinguish between the contributions of 

exogenous and endogenous AGEs in accumulation. It is not known, and probably 

impossible to determine with current technology, whether dietary/exogenous AGEs or 

endogenous AGEs are the major contributors to pathogenesis. Measurement of 

malondialdehyde as an index of lipid peroxidation (Esterbauer & Cheeseman, 1990) 

in the liver tissues may provide some insights into the level of endogenous AGE 

formation, which may be elevated in HF-fed rats.  

3.6. Conclusion 

This chapter assessed AGE concentration in plasma, liver, kidney and FTJ cartilage 

tissues of young Sprague-Dawley rats exposed to different nutritional and physical 

activity environments, and found that voluntary exercise may have a beneficial effect 

in preventing AGE accumulation and enhancing AGE clearance. Although no 

significant differences were found in AGE distribution in the hyaline articular 

cartilage between groups, CML staining patterns in the ECM were consistent with 

previous studies in OA cartilage, suggesting that cartilage in the HF-SED group may 

be undergoing early molecular changes associated with OA initiation. However, 

RAGE expression in the hyaline articular cartilage was generally similar to those 

reported in healthy human joint cartilage. Future rat studies should examine the 

effects of diet and exercise for a longer period into old age, to assess the role of AGE 
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accumulation in an obesogenic environment and its contribution to the development 

of metabolic OA.
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Chapter 4. Effects of Diet, Exercise and AGE Challenge on 

Cartilage Degeneration and Cytokine Secretion in 

Humeral Head Cartilage 

4.1. Introduction 

AGEs contribute to cartilage degeneration by two major mechanisms: 1. 

ECM-binding leading to modified protein structure and disrupted mechanical function 

and, 2. AGE-AGE receptor interaction at the cellular level leading to increased 

pro-inflammatory cytokine, catabolic MMP secretion and ECM degradation (Nah et 

al., 2007; Yammani, Carlson, Bresnick, & Loeser, 2006). It is well established in HF 

fed healthy or diabetic mice or rats that AGEs accumulate in liver, kidney, heart, lung, 

pancreas and other tissues slowly over weeks or months (Govindaraj & Sorimuthu 

Pillai, 2015; Li et al., 2015; Sayej et al., 2016; Wu et al., 2012), but to date there has 

been no investigation on the effects of HF diet on AGE accumulation in the cartilage 

tissues. As demonstrated in Chapter 3, while the presence of AGEs was observed in 

the FTJ cartilage tissues, no overall differences between groups were found. As the 

cartilage is an avascular tissue lacking exposure of plasma AGEs, it was unsurprising 

that there were no overall differencs in AGE and CML accumulations and RAGE 

expression in the cartilage between the Chow and HF groups in a short period of 17 

weeks of HF diet exposure as presented in Chapter 3. However, a recent study showed 

that intra-articular injection of ribose in murine FTJs predisposed or augmented 

post-traumatic OA using destabilization of the medial meniscus (DMM) model (Kim 

et al., 2015). This suggests that elevated levels of either sugars (e.g. glucose or ribose) 

or AGEs sourced endogenously or exogenously through diet could predispose 
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cartilage to injury or initiate the early stages of cartilage degradation. Using the rat 

model described in this thesis, the first part of this chapter will examine if short term 

exposure of different diet (~14 weeks from D121) and exercise (~8 weeks from D63) 

combinations during early growth and early adulthood alters cartilage matrix 

degradation and inflammatory profiles using in vitro measures of GAG release and 

cytokine secretion from humeral head explant cultures. Furthermore, to simulate the 

effects of AGE accumulation in the pathogenesis of metabolic OA that could be 

observed if the animals were allowed longer lifespan, and to evaluate if HF diet and 

exercise predisposed the joint to differential responses that contribute to the 

pathogenesis of metabolic OA when exposed to AGEs, the second part of this chapter 

will examine how high-concentration exposures of AGEs to humeral head explant 

may alter cartilage matrix degradation and inflammatory profiles using the same in 

vitro measures mentioned above. 

Cartilage matrix degradation and cytokine secretion in medium samples of the 

humeral head explant culture were measured. Cartilage degeneration was measured 

using a GAG release assay (Farndale, Buttle, & Barrett, 1986; Jackson, Moradi, Smith, 

Jackson, & Little, 2014; Korecki, MacLean, & Iatridis, 2007; Tchetina, Antoniou, 

Tanzer, Zukor, & Poole, 2006) to determine the concentration of sulphated GAGs in 

the tissue culture medium samples, as a measure of cartilage ECM degeneration. The 

assay utilizes a blue dye 1,9-dimethylmethylene blue (DMB) which complexes with 

sulphated GAGs that causes a metachromatic shift in the absorbance maximum from 

600 to 535 nm. Cytokine secretion was measured using either CBA or ELISA.  

It was hypothesised that the humeral head explant from young rats exposed to a 

combination of different nutritional and physical activity environments have different 
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cartilage matrix degradation and cytokine secretion profiles, and susceptibility to 

AGE-induced cartilage degeneration. 
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4.2. Methods 

4.2.1. Humeral Head Explant Culture 

On postnatal day 121, the left and right forelimbs were removed from each of the 40 

euthanised rats (detailed in section 2.2.1) using a scalpel and dissecting scissors, 

washed with 1x pen-strep PBS and placed on ice and transferred into a tissue culture 

hood for dissection. Humeral heads (HHs) were gently removed from the anatomical 

neck using a scalpel. The surrounding muscles and tendons were removed, except for 

part of the supraspinatus tendon and subscapularis tendon which were left for 

anatomical orientation. Figure 4-1 summarises the experimental workflow and 

assignment of HHs for baseline and AGE challenge over the culture period. After the 

HHs from the four groups of rats were harvested and cultured for 24h, the medium 

samples were collected for baseline measurement to assess the effects of diet and 

exercise on GAG release and cytokine secretion. The HHs were then challenged with 

AGE-BSA medium. After another 24h, the medium samples were collected and these 

measurements were regarded as AGE-challenged measurement, which assess the 

direct effect of AGE exposure on GAG release and cytokine secretion. T0 is defined 

as the time immediately before explant culture. T24 is defined as 24h of culture when 

baseline measurements were taken. T48 is defined as 24h after AGE-BSA/BSA 

exposure.  

The HHs were either: a) fixed at T0, b) cultured for 24h and fixed at T24, or c) 

cultured for 24h, exposed to AGEs for 24h and fixed at T48.  

a) and b) served as pre-culture and pre-exposure controls, respectively. Histological 

and IHC analysis were not conducted in this thesis due to time and budget limitations. 
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4.2.2. Culture Medium  

Dulbecco's Modified Eagle Medium/F12 (DMEM/F12) (21041-025, Gibco) was used 

for cartilage explant culture. The medium was supplemented with 1% (v/v) 

penicillin-streptomycin-glutamine (15140-122, Life Technolog

ascorbic acid (850-3080IN, Gibco Laboratories). The medium remained unmodified 

-BSA (2221-10, Biovision) or BSA 

(2221-BSA, Biovision). 

 

4.2.3. Humeral Head Explant Culture 

Capped tubes containing PBS were weighed on an electronic balance. HH explants 

were placed in the tubes and weighed agained. HH explant wet weight was 

determined by the difference between the measurements. 

Left and right HHs from each rat were washed with DMEM/F12 culture medium and 

each head was placed into individuals wells in a 24 well tissue culture plate (353047, 

of sterile PBS to prevent evaporation. The plate was incubated at 37°C and 5% CO2 

for 24h. 

At T24, the medium in each well was aspirated, aliquoted and stored at -80°C. Right 

-BSA. 

negative control, and incubated at 37°C and 5% CO2 for 24h. At T48, medium was 

removed from the wells, aliquoted and stored at -80°C. 

 



 

123 
 

4.2.4. GAG Release Assay 

The DMB reagent was prepared by dissolving 0.016g of DMB powder (341088, 

Sigma-Alrich) in 5ml of ethanol followed by 995ml of distilled water. 2g sodium 

formate (71539, Fluka Analytical) was added, and the solution was adjusted to pH 3.0 

with formic acid, and stored in the dark at room temperature. Bovine 

chondroitin-4-sulphate (C9819-5G, Sigma-Aldrich) was used as a standard 

[0- ially diluted in distilled water. The samples were diluted 1:4 with 

measured in Synergy 2 Multi-

Data Analysis Software.  

 

4.2.5. CBA Assay for the Measurement of IL1 ,  

Medium samples were assayed for IL1 , 

and AGE-exposed T48 time points using the CBA assay as previously described in 

2.2.3.  

 

4.2.6.  

and IL6 from T24 and T48 time points using 

ELISAs as previously described in 2.2.3. The medium samples were diluted 1:3 with 

assay diluent RD1-54. 
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4.2.7. Statistics 

4.2.7.1. Assessment of HH Wet Weight  

To assess if HH wet weight was different between lifestyle groups (n=18/group), a 

mixed model method and Tukey-Kramer post-hoc test were used. The mixed model 

method was used to adjust for samples derived from the tissues of the same animal. 

Data were expressed as mean ± SD and confidence intervals. 

 

4.2.7.2. Assessment of Baseline GAG and Cytokine Secretion at T24 

To assess if baseline GAG release and cytokine secretion were affected by diet and 

exercise in the humeral head explant medium samples between groups at T24/baseline 

(n=18/group), a mixed model method and Tukey-Kramer post-hoc test were used. The 

mixed model method was used to adjust for samples derived from the tissues of the 

same animal. Data were expressed as mean ± SD and confidence intervals.  

To investigate the association between baseline GAG concentration and cytokine 

concentration, Pearson correlation tests were performed. Sub-group correlation 

analyses were also performed for the Chow-SED, HF-SED, Chow-EX and HF-EX 

groups. Pooled data was used, assuming independence between samples collected 

from the same animal.  

  

4.2.7.3. Assessment of the Effects of AGEs on GAG Release and Cytokine Secretion 

To determine the effects of lifestyle group and AGE-BSA/BSA exposure, two-way 

ANOVA and Tukey-Kramer post-hoc test were used. To determine the differences in 
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GAG concentration between AGE-BSA and BSA exposure in each group, paired 

t-tests were used. To determine the differences in cytokine concentrations between 

AGE-BSA and BSA exposure in each group, Wilcoxon signed-rank test was used. 

SAS 9.3 (SAS Institute) was used for statistical analysis. GraphPad Prism 6 

(GraphPad Software, Inc.) was used for graph generation. For all analyses, a p-value 

lower than 0.05 was considered statistically significant. Detailed statistical 

information is presented in Appendix B.  
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4.3. Results 

4.3.1. HH Explant Wet Weight 

A summary of all HH explant wet weight is presented in Figure 4-2 (n=18/group). No 

significant difference was found between lifestyle groups (p= 0.7128). 
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4.3.2. Baseline GAG Release from HHs at T24 

A summary of all baseline GAG measurements at T24 is presented in Figure 4-3 

(n=18/group). A significant interaction was found between the effects of diet and 

exercise on baseline GAG release (p= 0.0012). Medium from HF groups contained 

greater GAG concentrations than Chow groups (p= 0.0024). However, there were no 

differences between SED groups and EX groups (p= 0.1053). GAG concentration of 

Chow-EX was significantly lower than all other groups, wherein Chow-EX group had 

lower GAG concentration than Chow-SED (p= 0.0081), HF-SED (p= 0.0126), and 

HF-EX groups (p= 0.0004). 
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4.3.3. Baseline Cytokine Secretion from HHs at T24 

A summary of all baseline cytokine measurements at T24 and the corresponding 

statistics are presented in Figure 4-4 and Table 4-1, respectively.  
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Cytokine Diet Exercise Interaction 

 0.1200 0.2205 0.1565 

 0.1214 0.0941 0.2386 

IL6 0.0039** 0.0024** 0.1516 

IL10 0.0558 0.0658 0.0401* 

 0.6953 0.8593 0.8866 

 0.6091 0.6641 0.9941 

 

 

No significant interaction was found between the effects of diet and exercise on 

baseline IL6 concentration (p= 0.1516). However, HF groups had higher IL6 

concentration than Chow groups (p= 0.0039). SED groups were also found to have 

higher IL6 concentration than EX groups (p= 0.0024). IL6 concentration in the 

Chow-EX group was significantly lower than all other groups, wherein the Chow-EX 

group had lower IL6 concentration than Chow-SED (p= 0.0163), HF-SED (p= 

0.0009), and HF-EX groups (p= 0.0220). 

A significant interaction between the effects of diet and exercise was found on 

baseline IL10 concentration (p= 0.0401). However, only near significances were 

found in diet (p= 0.0558) and exercise (p= 0.0658). IL10 concentration was 

significantly higher in the HF-EX group compared to the Chow-SED (p= 0.0283), 

HF-SED (p= 0.0214), and the Chow-EX (p= 0.0477)) groups. 

No significant effects of interactions, dietary or exercise were found 

concentration, , 

between groups. 
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4.3.4. Correlation Tests between GAG and Cytokine Concentrations at T24 

Correlation tests between baseline GAG concentration and baseline cytokine 

concentration is summarised in Table 4-2. Positive correlations were found between 

baseline GAG concentration and the concentration of baseline IL6, IL10 and TNF . 

Strong correlations were also found between baseline GAG concentrations and TNF

concentrations in the HF groups, but not in the Chow groups (Figure 4-5). 

 

    IL6 IL10   

All Groups r 

p 

 -0.0039 

 0.9757 

 -0.1336 

 0.2887 

 0.2516 

 *0.0485 

 0.2685 

 *0.0306 

 0.1056 

 0.4025 

 0.3200 

**0.0094 

Chow-SED r 

p 

 0.1887 

 0.4534 

 -0.0490 

 0.8468 

 -0.0201 

 0.9391 

 0.0390 

 0.8779 

 0.0337 

 0.8944 

 0.2869 

 0.2484 

HF-SED r 

p 

 0.4017 

 0.0985 

 0.3033 

 0.2211 

 -0.1582 

 0.5443 

 0.3400 

 0.1674 

 0.3105 

 0.2099 

 0.5397 

 *0.0208 

Chow-EX r 

p 

 -0.0060 

 0.9860 

 -0.1123 

 0.7423 

 -0.1309 

 0.7013 

 -0.0695 

 0.8391 

 -0.1604 

 0.6376 

 0.2077 

 0.5399 

HF-EX r 

p 

 0.4098 

 0.0912 

 0.4540 

 0.0584 

 0.3187 

 0.2125 

 0.2262 

 0.3668 

 0.0829 

 0.7435 

 0.5869 

 *0.0105 
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Correlation tests between baseline cytokine concentrations is summarised in Table 4-3. 

-group analysis showed 

that only the HF-

concentrations (Figure 4-6).  

 

    IL6 IL10   

 r 

p 

0.7219 

***<0.0001 

-0.1653 

0.1992 

0.4029 

***0.0009 

0.4436 

***0.0002 

0.4778 

***0.0001 

 r 

p 

  -0.1631 

0.2053 

0.2738 

*0.0273 

0.0105 

0.9338 

-0.0675 

0.5932 

IL6 r 

p 

    0.1085 

0.4012 

0.0199 

0.8783 

0.1078 

0.4045 

IL10 r 

p 

      0.1644 

0.1907 

0.3165 

*0.0102 

 r 

p 

        0.3474 

**0.0046 
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133 
 

4.3.5. GAG release from Humeral Heads at T48 after AGE-BSA Exposure 

A summary of all GAG measurements at T48 after AGE-BSA exposure is presented 

in Figure 4-7. GAG was not detected in blank medium, i.e. AGE-BSA medium, BSA 

medium and unmodified medium (data not shown). A significant difference was 

found in the T48 GAG concentration between groups at T48 (p=0.0409) and between 

exposure (p= 0.0078). The GAG concentration of the HF-EX group was significantly 

higher than the Chow-SED group (p= 0.0301). AGE-BSA exposure resulted in a 

higher GAG concentration than the BSA negative control (p= 0.0078).  

 

 

A significant difference between AGE-BSA exposure and BSA exposure in the 

HF-EX group (p= 0.0013) was found in pair-wise analyses, wherein AGE-BSA 

resulted in a higher GAG release than BSA alone. A near significant difference was 

found in the Chow-SED group (p= 0.0504). No significant differences were found in 

the Chow-EX group (p= 0.4146) and the HF-SED group (p= 0.2701).  
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4.3.6. Cytokine Release from Humeral Heads at T48 after AGE-BSA Exposure 

A summary of all cytokine measurements at T48 after AGE-BSA exposure is 

presented in Figure 4-8. No significant differences between groups in cytokine 

concentrations were found between AGE-BSA and BSA exposure. 
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4.4. Discussion 

4.4.1. Baseline GAG Release from HHs at T24 

Our results showed that HF diet resulted in greater cartilage matrix degeneration as 

indicated by the higher GAG concentrations in the HH explant culture medium of the 

HF groups. Although we did not find overall effect of exercise, the significant 

interaction effect and post-hoc analysis showed that the Chow-EX group had the least 

cartilage matrix degeneration as indicated by the lowest GAG release, and such 

beneficial effect was not observed in the HF-EX group, suggesting the detrimental 

effect of HF diet outweighed the beneficial effects of mild voluntary exercise on the 

structural integrity of the hyaline articular cartilage ECM (Figure 4-3). 

To date, there has been only one animal study that investigated the effect of a HF diet 

on GAG production/content in the hyaline articular cartilage ECM, in which a lapine 

model using 83 New Zealand white rabbits were exposed to either a lean diet (14% 

kcal fat) or a HF diet (47.8% kcal fat) for 28 or 38 weeks and either a received 

phimester hemiepiphysiodesis surgical procedure or sham surgery between 31 and 44 

days of age, and was found that, regardless of the surgical procedure, HF diet resulted 

in less GAG content in the ECM, lower radio-labelled sulphur uptake (index of GAG 

production) and no apparent histomorphological differences compared to the lean diet 

groups (Brunner et al., 2012). The authors suggested that HF diet may have resulted 

in weaker cartilage architecture due to the lower GAG content and radio-labelled 

sulphur uptake (Brunner et al., 2012), and such matrix degeneration may be reflective 

in our results wherein early degeneration of cartilage architecture, not detectable by 

histomorphological measures, resulted in higher GAG release from the hyaline 

articular cartilage to the culture medium.  
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To date, there have been no animal studies that investigated the effect of voluntary 

exercise on GAG production/content in the hyaline articular cartilage ECM. Imposed 

treadmill exercise with high intensity in a rat study showed lower GAG 

production/content in the hyaline articular cartilage ECM: Franciozi et al. (2013) 

exposed male Wistar rats to strenuous treadmill exercise starting from 10m/min to 

25m/min, from 10 min/day to 70 min/day for 5 days/week for a 12 week period, and 

found that the exercised rats had higher OARSI scores in the hyaline articular 

cartilage and higher expressions of IL1

to control rats. Although there are currently no rat studies that measured GAG 

production/content in the hyaline articular cartilage following imposed exercise, one 

canine study showed that moderate treadmill exercise of 4 km/h, 1 h/day, 5 days/week 

for 15 weeks in pure breed Beagle dogs showed higher GAG content in the 

weight-bearing regions of the hyaline articular cartilage of the exercised group 

compared to the control group (Kiviranta, Tammi, Jurvelin, Saamanen, & Helminen, 

1988), in contrast to another canine study conducted by the same group showing that 

40km/day for 15 weeks in the same breed resulted in lower GAG content in the 

weight bearing regions (Arokoski, Kiviranta, Jurvelin, Tammi, & Helminen, 1993). 

These studies showed that high intensity treadmill exercise have detrimental effects 

on GAG content in the hyaline articular cartilage, whereas beneficial effects were 

observed in moderately trained animals, which suggests the mild voluntary exercise 

may be exhibiting similar beneficial effects on the GAG content in hyaline articular 

cartilage in our rat model study, where culture medium from explants of Chow-EX 

group showed lower GAG release. Further histological work by using Safranin O on 

the HH explants is still in the process of optimisation and the results may be useful to 

investigate the association between ECM GAG content and GAG release 

concentration.  
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4.4.2. Baseline Cytokine Release from HHs at T24 

4.4.2.1. IL6  

To our best knowledge, our study is the first to demonstrate that HF diet upregulated 

and (voluntary wheel) exercise downregulated IL6 secretion from the joint tissues, as 

shown in our HH explant culture. One cell culture study using primary rabbit articular 

chondrocytes found that IL6 incubation downregulated collagen II mRNA and protein 

expression (Poree et al., 2008), and another cell culture study using primary bovine 

articular chondrocytes found that IL6 incubation upregulated collagenases MMP1 and 

MMP13, providing evidence that high IL6 secretion may lead to ECM degradation of 

the hyaline articular cartilage by MMP upregulation. Additionally, our data also 

showed positive correlation between IL6 and GAG secretions, suggesting high IL6 

secretion was associated with ECM degradation. 

 

4.4.2.2.  

Our study found 

GAG secretions were found in pooled data, and subsequent sub-group analyses 

 strongly correlated only in the HF 

groups but not in the Chow groups. This suggests that, although HF diet did not affect 

hyaline articular cartilage to ECM degradation in the presence of higher 
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4.4.2.3. IL10 

An interaction effect between HF diet and voluntary wheel exercise was found in our 

data, wherein post-hoc analysis showed that the HF-EX group had greater IL10 

secretion compared to all other groups, indicating that voluntary wheel exercise 

upregulated IL10 secretion from the HH explants only in the HF rats but not in the 

Chow rats. 

A previous rat study which allocated Wistar rats into sedentary, exercise, 

sham-operated/sedentary, sham-operated/exercise, and menisectomized/OA groups, 

of which the exercise groups underwent 10 days of high-impact exercise of 2 min 

lateral movement and vertical displacements, 15 drops from a height of 30 cm, and 80 

forced jumps from a shaking box, and found that the exercised groups had more IL10 

non-exercised rats (Rojas-Ortega et al., 2015). Our data showed similar results in the 

HF-EX group, which demonstrated a positive correlation between I

secretions, but not in the Chow-EX group. This may be due to the different mode of 

exercise being used (high impact vs. voluntary wheel exercise). The HF diet in 

combination with voluntary wheel exercise may also be associated with the 

upregulation of IL10.  

 

4.4.3. GAG release from Humeral Heads at T48 after AGE-BSA Exposure 

Our results showed that 24 h AGE-BSA exposure to the HH explants upregulated 

GAG release, and the effect was the strongest in the HF-EX group, possibly 

associated with greater mechanical loading on the joints due to heavier body weight.  
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One previous study sampled 27 cartilage explants from 3 human donors, exposed the 

explants to different concentrations of glucose, D(-)-ribose and threose for 4 days to 

induce endogenous AGE formation, and found a negative correlation between AGE 

accumulation and GAG release (DeGroot et al., 2001). However, there are several 

issues needed to be addressed to establish the effects of AGEs on GAG release in 

cartilage explant culture using their methods: a) although DeGroot et al. (2001) tested 

the glucose, D(-)-ribose and threose concentrations to be non-cytotoxic, the possibility 

that glucose, D(-)-ribose and threose may affect GAG release was not ruled out; b) the 

explants sampled from 3 human donors were not independent samples and may 

behave similarly, resulting in strong correlations; c) addition of glucose, D(-)-ribose 

and threose concentrations enhanced AGE crosslinks on the collagen in the ECM, but 

it is not known if AGE-receptor interaction was taking place. In contrast, the current 

study exposed 58 HH explants from 29 animals with AGEs instead of sugars, 

conferring the advantages of not needing to eliminate the possibility of sugar-induced 

GAG release, and not violating the assumption of independence. Furthermore, our 

study exposed the HH explants to AGE-BSA for 24 h, and the upregulating effects of 

AGE-BSA on GAG release may represent the acute effect of AGEs due to 

AGE-receptor interaction leading to matrix degradation mediated by upregulated 

MMPs (Nah et al., 2007; Yammani, Carlson, Bresnick, & Loeser, 2006), whereas the 

results demonstrated by DeGroot et al. (2001) may represent the chronic effect of 

AGEs due to reduced GAG synthesis by chondrocytes.  
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4.4.4. Cytokine Release from Humeral Heads at T48 after AGE-BSA Exposure 

No significant differences were found in cytokine concentration between AGE-BSA 

and BSA exposures. No previous studies have exposed rat cartilage or chondrocytes 

to AGEs, but in a cell culture study using primary human OA chondrocytes, it was 

showed that 24h AGE-BSA (100- -dependent 

-

-BSA 

(5- l) exposure for 24h was also found to induce dose-dependent upregulation 

of IL6 mRNA and secretion (up to 150 or 400 pg/ml) in a couple of studies using 

primary human OA chondrocytes (Y. J. Chen, Sheu, Tsai, Yang, & Liu, 2013; 

Rasheed et al., 2011). 

The ECM of the hyaline articular cartilage that surrounds the chondrocytes may be a 

reason for finding no significant differences in cytokine secretion following 

AGE-BSA exposure in our study by preventing AGE-BSA to come into contact with 

the chondrocytes. Due to the scarcity of previous cartilage explant culture studies 

investigating AGE exposure, there lacked references for appropriate duration of 

exposure and AGE-

AGE-BSA for 24h based on most chondrocyte culture studies (C. Chen et al., 2014; Y. 

J. Chen, Sheu, Tsai, Yang, & Liu, 2013; Hiraiwa et al., 2011; Huang et al., 2011; Ma 

et al., 2015; Rasheed, Akhtar, & Haqqi, 2011). Further optimisation using higher 

AGE concentrations and/or longer duration may be considered for future explant 

culture experiments investigating the effects of AGEs on cytokine secretion. 
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4.5. Limitations 

4.5.1. Multiple Tissues in Humeral Head Explant Culture 

One of the limitations of the study is that the HH explant consists of a number of 

different tissues including cartilage, bone, marrow, tendon etc. The effects of GAG 

release and cytokine secretion were confounded by the presence of these tissues. For 

example, the higher baseline IL6 concentration in the HF groups may be contributed 

by bone marrow mesenchymal stem cells (Cortez, Carmo, Rogero, Borelli, & Fock, 

2013). Furthermore, another potential source of IL6 may be the adipocytes in the 

marrow (S.R. McGlashan/M.H. Vickers, personal communication, September 15, 

2016). While the contribution of other tissues cannot be ruled out, the explant culture 

model still provides a good simulation of the normal physiological effects of dietary 

fat, dietary AGEs and exercise affecting the whole joint system which consists of 

various types of tissue. 

There are merits in using explant culture in the current study. Firstly, it reflects how 

the articular joint system may respond as a whole in vivo. OA is not a disease of the 

cartilage tissue, but a combined result of different tissues under pathological state. 

While explant culture introduces variability, it may be more closely representing the 

pathological state, in which the chondrocytes are sparely distributed yet interact 

among themselves and other tissues (Reginster, Pelletier, Martel-Pelletier, & Henrotin, 

2012). Secondly, the chondrocytes remained in the intact ECM of articular cartilage, 

allowing the chondrocytes to behave physiologically similar to those in the body, 

compared to the use of 2D culture in which the chondrocytes lose their phenotypic 

characteristics (Reginster, Pelletier, Martel-Pelletier, & Henrotin, 2012). It was 

demonstrated that the primary chondrocytes from New Zealand white rabbits 
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de-differentiated in 2D culture, and could be re-differentiated when introduced into 

agarose gel for 3D culture (Benya & Shaffer, 1982). Thirdly, the chondrocytes are 

protected from enzymatic and/or mechanical damage, and hence preserved of 

receptors, membrane proteins and glycoproteins (Reginster et al., 2012). This not only 

preserves the physiological state of chondrocytes, but also allows further 

investigations such as IHC. 

 

4.5.2. Unexpected Cytokine Release Following the BSA Exposure 

Another limitation of the current study is the unexpected cytokine release following 

the exposure of BSA negative control. While cytokine concentration was not 

significantly different between AGE-BSA and BSA exposure, the BSA-exposed 

to AGE-BSA. Different responsiveness between groups was also observed e.g. the 

HF- There poses a 

concern that BSA does not act as an appropriate negative control for AGE-BSA. 

A possible explanation to account for the HH explant response to BSA exposure is the 

species of serum albumin. Although BSA is more financially affordable and 

accessible than human serum albumin (HSA), biochemical studies have shown 

differences in albumin between the species (Antoni, Casagli, Bigio, Borri, & Neri, 

1982; Michnik, Michalik, Kluczewska, & Drzazga, 2006; Steinhardt, Krijn, & Leidy, 

1971). One study which cultured human proximal tubular epithelial cells showed that 

HSA was able to induce a significant increase in MMP3 secretion within 4h (~50% 

increase) and 24h (~70% increase) after exposure, which were stronger than those 

exposed to AGE-BSA, and no significant changes were observed in the BSA group 
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(Lim, Chan, Tang, Lai, & Leung, 2014). Furthermore, stronger acute oxidative stress 

response has also been observed under HSA exposure compared to AGE-BSA 

exposure in cultured human proximal tubular epithelial cells (Lim et al., 2014).  

To address the question of whether or not BSA is a suitable negative control, the 

current study also conducted a dose-response experiment using H5 murine 

chondrocyte cell line to determine if BSA induces cytokine secretion (Appendix C). 
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4.6. Conclusion 

This chapter assessed GAG release and cytokine secretion from HH cartilage tissues 

of Sprague-Dawley rats exposed to different nutritional and physical activity 

environments. The HH cartilage tissues were also exposed to AGEs to investigate 

differential responses predisposed by different nutritional and physical activity 

environments.  

HF diet induced greater ECM degradation in all HF groups, and voluntary wheel 

exercise induced lower ECM degradation in the rats fed on control diet only. Cytokine 

measurements in the medium showed that HF diet induced greater pro-inflammatory 

cytokine secretion and voluntary wheel exercise induced lower pro-inflammatory and 

higher anti-inflammatory cytokine secretions. These results suggest that HF diet has 

detrimental effects on joint cartilage ECM degradation, which may be ameliorated by 

voluntary exercise.  

Exposure of AGEs to explant culture demonstrated greater ECM degradation within 

24h, and such effect was most prominent in the HF-EX group, suggesting different 

nutritional and physical activity environments predisposed joint cartilage ECM to 

different responses against the detrimental effects of AGE exposure. Exposure of 

AGEs to explant culture did not show any significant changes in cytokine secretions. 

Future experiments using explant culture for cytokine response may consider 

increasing AGE concentration or exposure length.  

Restriction in HF and AGE consumptions, and promotion of moderate exercise may 

have beneficial effects of hyaline articular cartilage health in young individuals by 

preventing ECM degradation via the downstream effects of pro-inflammatory 

cytokines and by upregulation of anti-inflammatory cytokines.
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Chapter 5. Investigation of the Associations between 

Cartilage Degradation and Metabolic Phenotypes, 

Inflammatory Plasma Cytokines and AGE 

Accumulations 

5.1. Introduction 

In chapters 2 and 3, analysis of metabolic phenotype, plasma cytokines and tissue 

AGE concentrations revealed significant effects of HF diet and voluntary wheel 

exercise on percentage body fat, fat/lean ratio, fasting concentrations of insulin, leptin, 

kidney AGE concentrations.  

Previous studies using murine models of metabolic OA have utilised correlation 

methods to investigate the associations between adiposity, inflammation and OA 

severity (Griffin, Huebner, Kraus, Yan, & Guilak, 2012; Wu et al., 2015). Griffin et al. 

(2012) exposed male C57BL/6J mice to a control diet (13.5% kcal fat) or a HF diet 

(60% kcal fat) from 12-24 weeks of age, and voluntary wheel exercise was introduced 

to half of the animals in each group from 20-24 weeks of age. They found a 

significant positive correlation between plasma leptin and total knee OA score 

(modified Mankin), as well as other significant associations among the metabolic 

phenotypes (e.g. percentage body fat, fasting glucose concentration) and the 

cytokine/chemokine concentrations (e.g. leptin and monokine-induced by IFN ). Wu 

et al. (2015) exposed male C57BL mice to low-fat diet or three different HF diets 
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containing differing amounts of fatty acids. They too found similar positive 

relationships between plasma leptin and OA severity. 

Given the animals in this study did not show any cartilage, bone or synovium changes 

consistent with OA and the OARSI guidelines, this chapter used the data obtained in 

relation to cartilage degradation data from the humeral head explant cultures detailed 

in Chapter 4 to identify possible correlations between cartilage degradation and 

metabolic phenotypes, inflammatory plasma cytokines and AGE accumulations. 

Specifically, this chapter hypothesised that baseline GAG release at T24 is associated 

with: 

- Weight, percentage body fat, fat/lean ratio, fasting concentrations of glucose, 

insulin, leptin, triglyceride and HDL, 

- Plasma concentrations of IL1  

- Plasma, liver and kidney AGE concentrations. 

Furthermore, correlation analyses were also performed to investigate associations 

between tissue AGE concentrations, metabolic phenotypes and inflammatory plasma 

cytokines. It was hypothesised that AGE concentrations in plasma, liver and kidney 

are associated with: 

- Weight, percentage body fat, fat/lean ratio, fasting concentrations of glucose, 

insulin, leptin, triglyceride and HDL, 

- Plasma concentrations of IL1  
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5.2. Methods 

Pearson correlation tests were performed to investigate the associations between 

measurements and are summarised in Figure 5-1. Baseline GAG concentration 

measurements from left and right humeral head cultures were pooled. Correlations 

were performed among the metabolic phenotypes: weight, percentage body fat, 

fat/lean ratio, fasting concentrations of glucose, insulin, leptin, triglyceride and HDL; 

the inflammatory plasma cytokine concentrations: IL1 IL10 and 

concentrations. SAS 9.3 (SAS Institute) was used for statistical analysis. For all 

analyses, a p-value lower than 0.05 was considered statistically significant. 
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5.3. Results 

5.3.1. Correlations with GAG Release at T24 

There was no association between any of the metabolic phenotypic parameters and 

humeral head GAG release (Table 5-1). Plasma IFN

positively correlated with cartilage degradation; no other plasma cytokine 

concentrations were found to be associated (Table 5-2). Scatterplots are also presented 

in Figure 5-2 to demonstrate the values from the 4 different groups. Kidney AGE 

concentration was negatively correlated with cartilage degradation, however no other 

tissue AGE concentrations were associated with cartilage degeneration (Table 5-3).  

 Weight Percentage 

body fat 

Fat/lean ratio Glucose 

r 0.003 0.119 -0.030 -0.076 

p 0.978 0.346 0.813 0.549 

 Insulin Leptin Triglyceride HDL 

r -0.113 -0.163 -0.053 -0.028 

p 0.369 0.195 0.681 0.829 

 

    

r 0.310 -0.130 0.079 

p 0.012 0.301 0.534 

 IL6 IL10  

r -0.041 0.175 -0.037 

p 0.748 0.163 0.772 
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 Plasma AGE Liver AGE Kidney AGE 

r 0.215 -0.023 -0.502 

p 0.097 0.863 <0.001 
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5.3.2. Correlations with Tissue AGE Concentrations 

A summary of correlation coefficients and significance values for the associations 

between metabolic phenotypes and tissue AGE concentrations is presented in Table 

5-4. Plasma AGE did not correlate with any of the metabolic phenotypes measured. 

However, weight, percentage body fat, fat/lean ratio and fasting triglyceride 

concentration were positively correlated with liver AGE concentration. In contrast, 

kidney AGE concentration was negatively correlated with weight, percentage body fat 

and fat/lean ratio. Scatterplots of percentage body fat against tissue AGE 

concentrations are presented in Figure 5-4. 

  Weight 
Percentage 

body fat 

Fat/lean 

ratio 
Glucose Insulin Leptin Triglyceride HDL 

Plasma 

AGE 

r 0.144 -0.016 -0.068 0.098 -0.119 -0.088 -0.018 0.023 

p 0.375 0.920 0.678 0.547 0.465 0.590 0.912 0.890 

Liver 

AGE 

r 0.519 0.489 0.401 0.049 0.257 0.294 0.476 0.269 

p 0.001 0.002 0.014 0.773 0.125 0.077 0.004 0.113 

Kidney 

AGE 

r -0.362 -0.439 -0.323 -0.245 -0.117 -0.165 -0.309 0.026 

p 0.026 0.006 0.048 0.139 0.486 0.321 0.067 0.878 
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A summary of correlation coefficients and significance values for the associations 

between plasma inflammatory cytokines and tissue AGE accumulation is presented in 

Table 5-5. Positive correlations were observed between plasma IFN

and plasma and liver AGE concentrations. In contrast, a negative correlation was 

observed between plasma 

Scatterplots of plasma tissue AGE concentrations are 

presented in Figure 5-5.  

 

     IL6 IL10  

Plasma AGE 
r 0.336 -0.080 -0.031 0.261 -0.093 -0.100 

p 0.034 0.625 0.848 0.104 0.568 0.541 

Liver AGE 
r 0.358 -0.019 -0.176 0.048 0.016 0.354 

p 0.030 0.909 0.296 0.778 0.927 0.031 

Kidney AGE 
r -0.462 0.070 0.097 -0.306 0.009 -0.050 

p 0.003 0.670 0.552 0.061 0.956 0.760 
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5.4. Discussion 

5.4.1. Cartilage Degradation is not Associated with Metabolic Phenotypes, but 

 

In a similar previous study of metabolic OA that used male C57BL/6J mice (Griffin et 

al., 2012), it was found that obesity was negatively associated with cartilage GAG 

content. These findings are also supported by a number of human studies that found 

similar results, in which patients who underwent exercise programmes were measured 

for knee cartilage GAG content using delayed gadolinium-enhanced magnetic 

resonance imaging of cartilage (dGEMRIC) (Ericsson, Dahlberg, & Roos, 2009; Roos 

& Dahlberg, 2005). Although our study did not find any association between body 

weight and cartilage degradation, this may be due to the younger age of our animals 

(17 weeks) compared to the 24-

association between plasma leptin concentration and cartilage degradation observed in 

our data, in contrast to the positive association found by Griffin et al. (2012), may also 

be due to the difference in age. 

production (Dodge, Diaz, Sanz-Rodriguez, Reginato, & Jimenez, 1998), inhibit type 

II collagen synthesis (Osaki et al., 2003) and upregulate NO production in the 

presence of leptin (Otero, Gomez Reino, & Gualillo, 2003), all of which contribute to 

synovium, which is supported by a previous study that collected synovial fluid 

samples and cartilage samples from healthy donors and OA patients, and found that 
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the synovial fluid of OA patients compared to healthy 

donors (Tsuchida et al., 2014)

synovial joints is the synovium. This is confirmed by other previous studies in which 

n OA synovium associated with T-cell 

infiltration (Dolhain et al., 1996; Sakkas & Platsoucas, 2007). This is consistent with 

our study in which no correlation was observed between baseline GAG release and 

-2) and no differ

concentrations between groups were found (Figure 4-3). However, due to technical 

difficulty, synovial fluid samples from rats were not collected in our study, and it is 

not known if the humeral head tissues in vivo prior to dissection were exposed to 

nutritional and physical activity environments, and hence were predisposed to 

different degrees of cartilage degradation before explant culture. In this chapter, we 

found a positive correlation between baseline GAG concentration and plasma 

study is reflective of that in the synovial fluid. Further study is warranted to 

detecting early cartilage degradation. 

We also observed a strong negative correlation between baseline GAG release and 

kidney AGE concentration. Our observations of slightly higher kidney AGE 

concentration and lower liver AGE concentration in the Chow-EX rats suggest 

enhanced AGE elimination due to their combined nutritional and physical activity 

environments. As AGEs are known to decrease collagen and proteoglycan syntheses 

(DeGroot, Verzijl, Budde et al., 2001; DeGroot, Verzijl, Jacobs et al., 2001) and 
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AGE elimination reduces the AGE exposure to the cartilage, and hence may explain 

the negative association between cartilage degradation and kidney AGE 

concentration. 

 

5.4.2. Liver and Kidney AGE Concentrations are Associated with Metabolic Phenotypes, 

and Plasma, Liver and Kidney AGE Concentrations are Associated with Plasma 

 

Our data showed evidence of endogenous AGE formation via lipid peroxidation in the 

liver. As indicated by the percentage body fat and fat/lean ratio measurements, the 

weight gain in our rat model is mostly due to the increase of overall fat tissue mass, 

and such diet-induced obesity is known to contribute to the development of hepatic 

steatosis in mice (Lee et al., 2012; L. Li et al., 2012) and rats (M. Li et al., 2016; Yuan 

et al., 2016). HF feeding from weaning has been previously shown to result in hepatic 

steatosis in young rats (Li et al., 2016) suggesting a strong likelihood of steatosis in 

our rat model. In support of this, we did observe distinct macroscopic colour 

differences in HF-fed livers compared to Chow controls, however histological 

analysis is currently underway to assess steatotic changes. The relationship between 

hepatic fat accumulation and lipid peroxidation showed a positive curve pattern in one 

human study, wherein lipid peroxidation ceased to increase with hepatic fat 

accumulation after a certain threshold (Mirmiran, Bahadoran, & Azizi, 2014). This is 

similar to the positive correlation found between percentage body fat and liver AGE 

concentration in our study, in which a linear positive correlation only exists for 

animals with percentage body fat less than 40% (Figure 5-4). This suggests that 
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endogenous AGE formation occurs through lipid peroxidation in the accumulated fat 

of the liver. This is also supported by the positive correlation between plasma 

triglyceride concentration and liver AGE accumulation (Table 5-4). Further 

investigation of histological work to confirm steatosis and measurement of 

malondialdehyde in liver tissue extract as an index of lipid peroxidation may provide 

further evidence. 

In contrast to the findings in the liver, kidney AGE concentration was negatively 

correlated with percentage body fat, but not correlated with fasting triglyceride 

concentration (Figure 5-4). Macroscopic observation did not find any colour 

differences in the kidney tissues between groups, and a previous study also showed 

that male Sprague-Dawley rats exposed to 12 weeks of HF diet (60.3% kcal) from 4 

weeks old were resistant to renal steatosis development (Bobulescu, Dubree, Zhang, 

McLeroy, & Moe, 2008). This suggests that it is unlikely that the rats in this study 

have any major renal steatosis and the consequent endogenous AGE formation. This 

is further supported by the negative correlation relationship that indicates that 

exercised animals with low percentage body fat had enhanced AGE elimination. 

liver AGE concentrations and negatively correlated with kidney AGE concentration. 

ecretion is increased when rat T-lymphocytes (Imani et al., 1993) and 

human peripheral blood mononuclear cells (Takahashi et al., 2010) are exposed to 

explain the positive corr

previous mouse study, partly supported by the interaction effect observed in Chapter 2, 
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neither percentage body fat or plasma leptin concentration was significantly correlated 

between liver and kidney AGE concent

known. No previous studies have investigated AGE-

or kidney. Further IHC work on liver and kidney sections may provide further insights 

ion. 

 

5.5. Conclusion 

This chapter presented evidence of possible associations of plasma 

concentration with tissue AGE accumulation and cartilage degradation, but further 

investigation is warranted to understand the detailed mechanisms. This chapter also 

presented evidence of enhanced endogenous AGE formation associated with 

diet-induced obesity, and enhanced AGE elimination by voluntary exercise which 

may benefit cartilage health, suggesting nutritional and physical activity play 

important roles in controlling AGE accumulation in the body and preventing early 

cartilage degradation. 
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Chapter 6. General Discussion and Concluding Remarks 

6.1. Preface 

Chapters 2, 3 and 4 of this thesis present the results from a series of experiments and 

analysis that investigated the effects of a high-fat diet and voluntary exercise on the 

development of metabolic OA in a rat model. Chapter 5 presents a number of 

significant correlations between metabolic phenotypes, inflammatory cytokine 

concentrations, tissue AGE accumulation and cartilage degradation. The results in 

each chapter were followed by a discussion corresponding to the chapter. In this 

chapter, the Principal Findings section summarises the results observed in this study, 

the Discussion section further discusses the findings of each chapter collectively, and 

discusses the potential future clinical implications, the Limitations section 

acknowledges the shortcomings of the experimental design. This is then followed by 

the Conclusions, and the Future Directions.  

 

6.2. Principal Findings 

Following the literature review in Chapter 1, the general hypotheses for this PhD 

research was: high-fat diet-induced obesity leads to tissue AGE accumulation and 

development of metabolic OA; and that exercise leads to less AGE accumulation and 

provides beneficial effects against the development of metabolic OA. In Chapter 2, 

we evaluated if animal tissues, biochemical and physical parameters from a rat model 

was suitable for the investigation of the pathogenesis of metabolic OA by comparing 

a range of metabolic phenotypes and inflammatory plasma cytokines with previously 
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reported obesogenic and metabolic OA rat models. Comparison with other obesogenic 

and metabolic OA models showed that most of the metabolic phenotypes and 

inflammatory cytokines in our rat model were similar. Hence the rat model was 

confirmed as an appropriate model, and tissue samples and data from the rat model 

were used for further investigations. In Chapter 3, we investigated if different 

nutritional and physical activity environments affected tissue AGE concentration in 

plasma, liver, kidney and hyaline articular cartilage. We found that voluntary exercise 

reduced liver AGE accumulation and enhanced AGE elimination, whereas HF diet 

had the opposite effect. Although no difference in AGE accumulation was found in 

the hyaline articular cartilage, we found evidence suggesting different CML 

distributions associated with different nutritional and physical environments, and the 

HF-SED group demonstrated CML distributions similar to those found previously 

described in OA human cartilage. No histomorphological features of OA based on 

OARSI grading guidelines were observed in the FTJ, however lesions consistent with 

osteochondrosis were present in over 90% of the HF fed animals (MSc Thesis, S. S. 

Haysom). In Chapter 4, using humeral head explant culture, we investigated if there 

were any early joint changes of metabolic OA associated with different nutritional and 

physical activity environments that could not be observed using histomorphological 

methods. We found that voluntary exercise had a beneficial effect on preventing 

cartilage degradation and lowering IL6 secretion from the explants. However, these 

effects were diminished by the HF diet, which contributed to greater cartilage 

degradation and IL6 secretion in the explants. Voluntary exercise also induced IL10 

secretion in explant cultures from HF-fed rats, but its specific anti-inflammatory 

effect in the joint remained unclear in our rat model. High-fat diet was also found to 

increase susceptibility 

the explant culture. Furthermore, we also challenged the explants with AGEs to 
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determine their effects on cartilage degradation and cytokine secretion, and if such 

effects were different between groups predisposed to different nutritional and physical 

activity environments. AGE exposure for 24h contributed to greater cartilage 

degradation in all groups. Exercised rats on high-fat diet were more susceptible to 

AGE-induced GAG release. However, contrary to previous studies, we did not find 

any changes in cytokine concentrations after 24h of AGE challenge compared to the 

BSA control. In Chapter 5

associations among metabolic phenotypes, inflammatory plasma cytokines, tissue 

AGE accumulation and cartilage degradation. A number of metabolic phenotypes 

such as weight, percentage body fat, fat/lean ratio and fasting plasma triglyceride 

concentration were positively correlated to liver AGE concentration, providing 

evidence that hepatic steatosis enhanced endogenous AGE formation in the liver 

tissue. Plasma IFN

cartilage degradation, although the detailed mechanisms require further investigation. 

Kidney AGE concentration was negatively correlated with cartilage degradation, 

suggesting the beneficial effect of enhanced renal AGE clearance. 

In addition to the ordered testing of hypotheses presented in these chapters, further 

hypothesis was tested to determine the effects of BSA (which is routinely used as a 

negative control in studies on AGEs in vitro) on cytokine secretion using a 

chondrocyte cell line. The results in Appendix C showed dose-dependent 

relationships between specific cytokines and BSA exposure, suggesting BSA may not 

be an appropriate negative control for AGE-BSA challenge experiments.  
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6.3. Discussion 

As described in Chapter 1 and Chapter 2, metabolic OA is a recently proposed 

subtype of OA that is mostly diagnosed in younger adults with metabolic syndrome 

(Sellam & Berenbaum, 2013), and has been nominated as a new component of 

metabolic syndrome in addition to hypertension, hyperglycaemia, dyslipidaemia and 

obesity (Zhuo, Yang, Chen, & Wang, 2012). Due to the novelty of this OA subtype, 

there are few established animal model. Hence, as presented in Chapter 2, it was of 

paramount importance to determine if standard HF diet animal model was suitable for 

the investigation of metabolic OA for this PhD research by comparing a range of 

metabolic phenotypes and plasma inflammatory cytokine levels with those from 

previously reported obesogenic and metabolic OA rat models which used HF diet and 

running exercise. The selected metabolic phenotypes were associated with 

diet-induced obesity (percentage body fat and fat/lean ratio), hyperglycaemia (fasting 

glucose, insulin and leptin) and dyslipidaemia (fasting triglyceride and high-density 

lipoprotein). Inflammatory plasma cytokines were evaluated for the presence of 

chronic low-grade inflammation. By comparing with the literature, we found that 

except for fasting HDL concentration, all other metabolic phenotypes were consistent 

with previous studies. Due to the lack of studies which exposed rats to HF diet and/or 

running exercise and measured plasma cytokine concentrations, mouse studies were 

indicating a chronic low-grade inflammation associated with diet-induced obesity. 

Comparison with the only one known rat model of metabolic OA (Collins, Reimer, 

Seerattan, Leonard, & Herzog, 2015) showed similarities in the changes of metabolic 

phenotypes, and more importantly in the plasma I , 

concentrations, of which were not significantly different between the HF-fed and the 
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Chow-fed rats. Further comparison with a mouse model of metabolic OA (Griffin, 

Huebner, Kraus, Yan, & Guilak, 2012) also showed similarities in plasma I , 

and IL10 concentrations, in which no significant differences were observed between 

groups. These results provide evidence that the rat model used for this PhD research is 

appropriate for the investigation of metabolic OA associated with chronic low-grade 

inflammation. 

Based on the results in Chapter 2, we hypothesised that young rats exposed to HF 

diet would show high tissue AGE accumulation and those exposed to voluntary wheel 

exercise would show low tissue AGE accumulation. Plasma AGE concentration was 

measured as an indicator of pathological state associated with AGE accumulation 

(Choudhuri et al., 2013; McNair et al., 2009; Nin et al., 2011; van Eupen et al., 2013). 

Liver and kidney AGE concentrations were measured as they are the major sites of 

AGE accumulation (Svistounov et al., 2013; Tsutsui et al., 2016) and AGE 

metabolism (Svistounov et al., 2013). Lastly, AGE accumulation in the hyaline 

articular cartilage was measured to determine if HF diet and voluntary exercise affect 

intracellular AGE concentration and AGE crosslinks in the ECM, which are known to 

induce apoptosis in chondrocytes (Yamabe et al., 2013) and increases stiffness in the 

collagen network (Verzijl et al., 2002), respectively. No differences in plasma AGE 

were observed between groups, possibly due to the young age and the relatively 

healthy state of the animals, as indicated by a previous study that intravenously 

administered radio-labelled AGEs and found that most of the AGEs left the 

circulation within 1.5h post-administration in healthy mice (Svistounov et al., 2013). 

In contrast, differential AGE accumulations in the liver and kidney tissues were 

observed, mostly indicating that voluntary exercise downregulated AGE accumulation 

in liver and upregulated AGE elimination in kidney, whereas these effects were 
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diminished by HF diet. Despite these findings, we found no differences in AGE 

accumulation in the FTJ. This is possibly due to the young age of the rats, as the 

cartilage is an avascular tissue lacking direct exposure to plasma AGEs, the 

accumulation process is possibly relatively slower than those in other vascularised 

tissues such as liver and kidney, and prominent differences in cartilage AGE 

accumulation may not be observable in young rats of 121 days of age. However, CML, 

a species of AGEs, was found to distribute differently in the ECM of the hyaline 

articular cartilage tissues between different groups, wherein the Chow-EX group 

showed no staining in the ECM, the Chow-SED group showed staining in the 

superficial and middle zones, the HF-EX group showed staining in the superficial and 

deep zones, and no specific patterns were found in the HF-SED group. Variable 

distribution of CML staining in the cartilage ECM has also been observed in human 

OA cartilage tissues (Hirose et al., 2011; Schwab et al., 2002), suggesting that the 

CML distribution observed in the HF-SED group may be an early sign of metabolic 

OA. However, CML IHC was only conducted in half of the animals, and further 

investigation is warranted to determine if CML distribution in the cartilage is 

associated with the pathogenesis of metabolic OA. Furthermore, we found RAGE 

expression localised in the superficial zone, which is similar to that reported in 

healthy human and monkey articular cartilage (Loeser et al., 2005; Terada et al., 

2011). Given that increased RAGE expression is only found in OA cartilage (Loeser 

et al., 2005; Terada et al., 2011), our study reports distribution of RAGE supports the 

histomorphological findings that the rats in this study showed healthy, 

non-degenerative cartilage. These results in Chapter 3 showed different tissue AGE 

accumulations, but possibly due to the young age of animals, no differences in the 

hyaline articular cartilage was found, except for the different CML distributions in the 

ECM, suggesting possible early joint changes associated with metabolic OA 
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pathogenesis. This variation could also be due to the range of adiposity within the HF 

groups, where in the HF-SED group ranged from percentage body fat ranged from 

35-63%. CML distribution in healthy human cartilage tissue was found to be 

restricted in the ECM of the superficial zone, whereas in OA human cartilage tissue, 

CML could be found in different zones across the entire cartilage depth (Hirose et al., 

2011; Schwab et al., 2002). It is possible that OA cartilage tissue with greater 

permeability allows diffusion of CML from the synovial fluid to the deeper zones, but 

this may not necessarily be the only cause, as some IHC images from Schwab et al. 

(2002) showed no staining in the middle zone and upper deep zone. Increased 

intracellular oxidative stress may also lead to AGE formation (Van Herreweghe et al., 

2002). CML accumulation in the calcified zones may be involved in chondrocyte 

hypertrophy or abnormal calcification observed in OA. Greater staining of CML and 

CEL were also associated with OA severity in human cartilage, in contrast to 

pentosidine which is positively associated with age (Bank et al., 1998) but not OA 

severity (Hirose et al., 2011).  

To further investigate if there was early cartilage degradation that was not observable 

using histomorphological methods, we cultured humeral head explants and measured 

GAG release in the medium samples, as well as cytokine release. Results suggested 

voluntary exercise is beneficial in preventing cartilage degradation, but such effect is 

diminished by HF diet, as indicated by the low GAG concentration in the Chow-EX 

group and the high GAG concentration in the HF-EX group. AGE accumulation 

reduces cartilage proteoglycan content (DeGroot et al., 1999) and synthesis (Saudek 

& Kay, 2003), whereas exercise has the opposite effect (Ericsson, Dahlberg, & Roos, 

2009; Roos & Dahlberg, 2005). Although the HF-EX group in our study was found to 

have greater GAG release from the explants, this may also be contributed to enhanced 
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GAG synthesis of cartilage and microtraumatic events due to greater percentage body 

fat and weight load (Jones, 2009), leading to greater GAG release from the explant. It 

should also be noted that moderate exercise may be more beneficial than 

high-intensity exercise, especially in individuals with greater body weight.  

Voluntary exercise was also found to downregulate IL6 concentration in the EX 

groups and upregulate IL10 concentration in the HF-EX group. In contrast, HF diet 

was found to upregulate IL6 concentrations. Positive correlations were found between 

GAG concentration and TNF ation in the HF groups, but not in the Chow 

groups, suggesting that the hyaline articular cartilage tissues in the HF groups were 

Furthermore, when 

the explants were exposed to high concentration of AGE-BSA, it was found that 

AGE-BSA upregulated cartilage degradation in all groups, but no significant changes 

were found in cytokine secretion. Although the AGE-induced cartilage degradation 

was an acute response, we suspect that the hyaline articular cartilage tissues of the 

older animals may also have greater cartilage degradation associated with chronic 

AGE exposure and accumulation, as indicated in many previous studies that found 

pro-inflammatory cytokine and MMP secretions upregulated by AGEs. As shown in a 

mouse study, ageing induces greater AGE accumulation in the articular surface of the 

cartilage tissue, leading to loss of elasticity and susceptibility to degeneration (Kim et 

al., 2015). Furthermore, AGE accumulation was found to affect the mechanical 

properties of the cartilage (Chen et al., 2002; Verzijl et al., 2002) and tendon tissues 

(Couppe et al., 2014) in human, which may lead to higher risks of injury and 

post-traumatic OA. Presence of high AGE level in the cartilage also further augment 

the pathogenesis of post-traumatic OA via mechanical instability (Kim et al., 2015). 
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In Chapter 5, a number of correlations among cartilage degradation, metabolic 

phenotypes, plasma inflammatory cytokines and tissue AGE accumulations were 

presented. It was found that plasma IFN

tissue AGE accumulation and cartilage degradation, but no known previous studies 

can support this and further investigation is warranted. HF diet was found to possibly 

enhance endogenous AGE formation via lipid peroxidation in the liver, which could 

be diminished by voluntary exercise. 

Although in our study we did not observe the presence of metabolic OA, we have 

discovered a number of early joint changes, such as cartilage CML distribution, 

cartilage GAG release, cartilage cytokine release that were affected by HF diet and 

ameliorated by voluntary exercise. AGEs were also found to upregulate cartilage 

degradation in explant cultures, especially in HF-fed rats with access to voluntary 

wheel exercise. These results provide evidence that HF diet contributes to, and 

voluntary exercise slows down or even prevents the development of metabolic OA. 

These are pertinent to the increased rates of childhood obesity and young metabolic 

syndrome in recent years, as these individuals are prone to the development of 

metabolic OA, and there remains much to understand about this subtype of OA and 

on the suitable management and therapeutics for them. While AGE inhibitors, 

breakers, blockers and adsorbent are still being studied in animal studies and clinical 

trials, dietary and physical activity interventions should be considered as preventive 

measures for the development of early joint changes, which have been demonstrated 

in this thesis. Currently, the findings of high AGE levels in individuals with OA or 

metabolic syndrome remain observational, and further studies are needed to establish 

a definite role of dietary and physical activity mediated AGE levels in the 

pathogenesis of metabolic OA. The next step would be investigation and development 
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of DMOADs specifically for metabolic OA. Prior to the realisation of these 

biomedical breakthroughs, basic principles of keeping healthy such as a balanced diet 

and moderate exercise are still the best way to prevent the development metabolic 

OA.  

6.4. Limitations 

A number of experiments in this thesis were designed to investigate the effects of HF 

diet and voluntary exercise on the development of metabolic OA via AGE 

accumulation. While efforts were put in to minimise source of errors, there were 

several limitations in these experiments. 

Firstly, the experiments performed were part of a larger animal study involving other 

research groups, the use of HF diet could not be replaced by HAGE diet, which could 

remove fat consumption as a confounder by controlling for the amount of fat in 

HAGE diet. Fat accumulation may increase endogenous formation of AGEs through 

lipid peroxidation, of which some evidence were presented in Chapter 5. Nevertheless, 

it is known that animal-based food products contain higher levels of AGEs, and this 

was measured and confirmed in the HF diet, of which the fat source was lard. 

Investigation of the effect of HF diet reflects the detrimental effects of a Western-type 

diet in real life, which concomitantly contains high levels of fat and AGEs. Future 

study may consider the use of iso-caloric Chow, HF, HAGE and HF+HAGE diets to 

determine the effects of dietary AGEs and the magnitude of endogenous AGE 

formation due to lipid peroxidation. 

Due to ethical and budgetary reasons, the rats used in the study were pair-caged and 

not seperated when given access to the running wheel. This prevented collection of 

individual running data for each animal, and any inferences related to exercise are to 
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each treatment group as a whole, rather than specific correlations. Better 

quantification methods such as cages with separating dividers to maintain pair wise 

caging requirments but access to individual running wheels, or use of wireless 

telemetry to measure all different types of activity in future study will provide better 

evidence of the effects of voluntary exercise. Furthermore, the acute effects of the 

exercise were not evaluated, which may provide further insights to the beneficial 

effects to the systemic inflammatory state and cartilage health.  

Another limitation relating to the overall animal study design was the age at which the 

rats were euthanised. As reported in Chapter 3, no OA histopathology or significant 

differences in AGE accumulation were reported in the FTJ, respectively. Since both 

OA development and AGE accumulation depend strongly on age, it would be 

interesting to have an additional arm of rats that were exposed to the diet and exercise 

conditions for up to 6-12 months of age. This would allow study if the diet from 

weaning pre-diposed rats to early degeneration associated with metabolic OA. . 

In Chapter 4, humeral head cartilage explants were cultured to investigate the effects 

of high-fat diet and exercise, as well as direct exposure of AGEs, on cartilage 

degeneration and cytokine secretion. The explants were gently removed from the 

anatomical neck using a scalpel. However, these explants also contained other tissues 

such as tendon and bone. Hence any responses in cytokine release may not solely 

come from the cartilage tissue. Although the results could not be completely inferred 

as the responses of cartilage tissue, they may represent a more complete joint system 

(although lacking synovium and synovial fluid), providing insights of a holistic 

response of interplay between tissues. Intact cartilage tissue also preserves the normal 

physiology and phenotype of chondrocytes. 



 

168 
 

Observation of BSA exposure to humeral head cartilage explants found fluctuations 

of cytokine concentration when the BSA was expected to be a negative control. We 

decided to further investigate the effect of BSA exposure to chondrocytes using a 

murine chondrocyte cell line that was derived from articular cartilage (Appendix C). 

While this thesis demonstrated evidence that BSA may not always be appropriate as 

negative control, it is not known if similar results can be reproduced in 3D culture. 

Whilst the BSA was endotoxin tested, no testing for mycoplasma was performed.  

 

6.5. Overall Conclusion 

High-fat diet and voluntary exercise resulted in differential outcomes in metabolic 

phenotypes, inflammatory profiles and cartilage degradation, which were associated 

with cartilage health. While no definite effects of AGEs were found on the early joint 

changes, a number of observations provided evidence that high-fat diet induced 

detrimental effects on cartilage health in association with AGEs, which could be 

ameliorated by voluntary exercise. Further research is needed to clarify AGE 

accumulation in the cartilage tissue, and its effects on the development of metabolic 

OA.  

The results presented in this thesis provide the first evidence that: 

 Voluntary exercise reduces AGE accumulation and enhances AGE elimination, 

the beneficial effects of which are diminished by HF diet; 

 HF diet induces cartilage degradation and IL6 secretion that may be ameliorated 

by voluntary exercise; 
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 Hyaline articular cartilage tissues of animals exposed to HF diet are associated 

exposed to standard diet; 

 AGE exposure to hyaline articular cartilage tissue results in more severe cartilage 

degradation; 

 Liver fat accumulation may be associated with lipid peroxidation, endogenous 

AGE formation and AGE accumulation in the liver; 

 Plasma IFN ncentration may play an important role in tissue AGE 

accumulation and cartilage degradation; 

 BSA exposure to chondrocytes results in dose-dependent increment of 

concentration of IL6 and MCP1, suggesting BSA may not always be an 

appropriate negative control for AGE-BSA. 

 

6.6. Future Directions 

The results presented in this thesis led to a number of extended questions: 

 Do HF diet and exercise affect AGE accumulation in the hyaline articular 

cartilage of older animals, and is the hyaline articular cartilage AGE accumulation 

associated with the development of metabolic OA? 

 Do HF diet and exercise affect AGE accumulation in the synovial membrane, and 

is the synovial membrane AGE accumulation associated with the development of 

metabolic OA? 
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- The rodent synovial membrane was not sampled in this study. However, tissue 

culture work using equine synovial membrane (Rios, Lopez, Alvarez, 

Samudio, & Carmona, 2015; von Rechenberg et al., 2000) and even rodent 

models (Hyc, Osiecka-Iwan, Niderla-Bielinska, & Moskalewski, 2011) has 

been previously studied. Since the synovial membrane is believed to play an 

important role in the development of OA (de Munter, van der Kraan, van den 

Berg, & van Lent, 2016; Scanzello & Goldring, 2012), and considered a 

treatment target in knee OA (T. W. O'Neill et al., 2016), a future direction of 

the current study is to investigate the effects of high dietary AGEs or direct 

AGE exposure in vitro on synovial tissues or synoviocytes. 

 Is tissue lipid peroxidation enhanced by HF diet, and is tissue lipid peroxidation 

positively correlated with tissue AGE accumulation? 

- Quantification of malondialdehyde, which is an organic compound formed by 

lipid peroxidation of polyunsaturated fatty acids, may be used to provide 

evidence of the level of lipid peroxidation (Marnett, 1999) and hence 

formation of endogenous AGEs. Future work of histology and IHC on liver 

and kidney tissues in the current study could provide valuable information on 

inflammation, fat distribution and AGE distribution. 

Answering these questions may further clarify the role of AGEs in the development of 

metabolic OA, and the underlying mechanisms causing their effects. 
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Appendix A. Descriptive Statistics of Metabolic Assessments, 

Blood Biochemistry, Plasma Cytokines and AGE 

Measurements  

Nose-to-anus length (mm) Nose-to-tail length (mm) 
Group Mean S.D. Min Max Group Mean S.D. Min Max 

Chow-SED 263.50 10.17 250 280 Chow-SED 474.10 13.36 451 495 
HF-SED 270.80 8.27 260 285 HF-SED 467.20 12.29 446 488 

Chow-EX 254.60 9.90 240 276 Chow-EX 480.00 8.73 465 495 
HF-EX 264.60 5.93 255 273 HF-EX 473.40 9.81 460 493 

Body weight (g) Percentage body fat (%) 
Group Mean S.D. Min Max Group Mean S.D. Min Max 

Chow-SED 595.88 59.45 509.8 709.5 Chow-SED 28.93 6.28 21.30 41.90 
HF-SED 755.94 89.82 629.5 900.1 HF-SED 51.32 9.05 35.90 63.10 

Chow-EX 492.59 41.89 426.4 566.3 Chow-EX 11.37 3.36 8.00 19.80 
HF-EX 569.18 52.15 504.7 649.0 HF-EX 31.27 9.46 17.40 50.30 

Fat/lean ratio Fat tissue mass (g) 
Group Mean S.D. Min Max Group Mean S.D. Min Max 

Chow-SED 0.42 0.14 0.27 0.72 Chow-SED 163.6 45.45 104 240 
HF-SED 1.12 0.39 0.56 1.71 HF-SED 365.6 96.41 216 527 

Chow-EX 0.13 0.05 0.09 0.25 Chow-EX 51.4 19.67 34 102 
HF-EX 0.48 0.23 0.21 1.01 HF-EX 171.9 64.83 83 301 

Lean tissue mass (g) Bone mineral content (g) 
Group Mean S.D. Min Max Group Mean S.D. Min Max 

Chow-SED 396.1 34.79 333 441 Chow-SED 13.4 1.58 10.8 15.4 
HF-SED 338.5 48.41 283 435 HF-SED 17.6 1.55 14.9 19.9 

Chow-EX 395.2 27.39 354 450 Chow-EX 10.46 0.78 9.3 12.1 
HF-EX 367.8 37.50 297 421 HF-EX 13.91 1.74 11.5 16.7 

Bone mineral density (g/cm2) Plasma glucose (mmol/L) 
Group Mean S.D. Min Max Group Mean S.D. Min Max 

Chow-SED 0.17 0.01 0.16 0.19 Chow-SED 11.05 1.11 8.70 12.90 
HF-SED 0.16 0.01 0.15 0.17 HF-SED 10.67 2.41 6.80 14.50 

Chow-EX 0.18 0.00 0.17 0.19 Chow-EX 9.52 1.96 6.80 12.30 
HF-EX 0.17 0.01 0.17 0.18 HF-EX 10.19 2.43 6.70 14.90 

Plasma insulin (ng/ml) Plasma leptin (ng/ml) 
Group Mean S.D. Min Max Group Mean S.D. Min Max 

Chow-SED 1.83 1.45 0.42 5.56 Chow-SED 5.91 2.71 2.43 10.62 
HF-SED 4.12 3.23 0.41 9.18 HF-SED 27.26 18.61 5.06 55.22 

Chow-EX 0.91 0.49 0.23 1.61 Chow-EX 1.86 1.16 0.81 4.85 
HF-EX 2.04 1.62 0.42 5.60 HF-EX 8.61 5.31 3.44 21.24 
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Triglyceride (mmo/L) Cholesterol (mmol/L) 

Group Mean S.D. Min Max Group Mean S.D. Min Max 
Chow-SED 0.90 0.22 0.64 1.24 Chow-SED 2.09 0.21 1.78 2.32 

HF-SED 1.58 1.08 0.84 4.33 HF-SED 2.65 1.29 1.52 5.77 
Chow-EX 0.49 0.13 0.27 0.66 Chow-EX 1.66 0.47 1.05 2.35 

HF-EX 0.61 0.26 0.36 1.14 HF-EX 1.55 0.27 1.19 1.96 
LDL (mmol/L) HDL (mmol/L) 

Group Mean S.D. Min Max Group Mean S.D. Min Max 
Chow-SED 0.31 0.12 0.17 0.51 Chow-SED 1.67 0.21 1.30 1.92 

HF-SED 0.30 0.13 0.16 0.63 HF-SED 2.00 0.68 1.36 3.62 
Chow-EX 0.29 0.13 0.06 0.49 Chow-EX 1.35 0.46 0.74 2.00 

HF-EX 0.16 0.08 0.10 0.35 HF-EX 1.29 0.27 0.99 1.70 
HDL/LDL ratio Lipase (U/L) 

Group Mean S.D. Min Max Group Mean S.D. Min Max 
Chow-SED 6.12 2.56 3.13 10.76 Chow-SED 15.13 8.84 8.20 34.50 

HF-SED 7.36 2.98 4.25 12.88 HF-SED 29.02 32.63 9.60 109.00 
Chow-EX 5.67 3.49 2.64 15.17 Chow-EX 14.48 8.64 8.20 33.90 

HF-EX 9.15 3.42 4.86 16.90 HF-EX 22.07 10.97 8.60 38.20 
ALP (U/L) ALT (U/L) 

Group Mean S.D. Min Max Group Mean S.D. Min Max 
Chow-SED 8.78 5.36 2.70 16.30 Chow-SED 45.67 6.88 38.00 57.40 

HF-SED 9.17 4.63 3.40 15.70 HF-SED 76.13 38.24 35.30 162.00 
Chow-EX 5.26 2.46 2.50 9.80 Chow-EX 70.50 7.34 60.20 83.10 

HF-EX 11.05 5.25 4.10 21.10 HF-EX 49.64 8.34 36.10 65.00 
AST (U/L) Creatine Kinase (U/L) 

Group Mean S.D. Min Max Group Mean S.D. Min Max 
Chow-SED 136.75 26.25 102.40 183.20 Chow-SED 6381 3262 2871 13750 

HF-SED 191.71 47.44 110.20 259.40 HF-SED 5548 1114 3927 7117 
Chow-EX 153.11 45.28 96.30 242.60 Chow-EX 5603 2559 1837 9823 

HF-EX 183.74 59.63 128.80 325.90 HF-EX 7346 5081 3256 21032 
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Cytokine Group Mean S.D. Min Max 
 Chow-SED 7.31 0.37 6.86 7.91 

 HF-SED 7.54 0.58 6.95 8.92 
 Chow-EX 8.16 1.77 6.81 12.73 
 HF-EX 7.75 1.26 7.00 10.43 

 Chow-SED 19.80 12.83 0.00 1.83 
 HF-SED 24.16 10.13 0.75 3.16 
 Chow-EX 18.49 5.44 0.23 1.35 
 HF-EX 25.78 33.03 0.66 1.68 

IL6 Chow-SED 59.00 25.76 35.12 121.80 
 HF-SED 47.42 12.40 33.74 66.96 
 Chow-EX 48.79 9.31 35.12 65.57 
 HF-EX 63.16 38.11 29.62 147.46 

IL10 Chow-SED 25.21 11.83 15.30 56.38 
 HF-SED 36.29 14.18 19.35 64.66 
 Chow-EX 27.02 22.06 12.00 86.86 
 HF-EX 61.00 99.35 16.16 340.86 

 Chow-SED 10.71 5.79 3.82 24.09 
 HF-SED 12.50 4.45 7.34 21.89 
 Chow-EX 6.18 3.65 0.24 10.77 
 HF-EX 12.61 5.45 5.26 25.33 

 Chow-SED 0.71 0.58 0.00 1.83 
 HF-SED 1.15 0.74 0.75 3.16 
 Chow-EX 0.60 0.32 0.23 1.35 
 HF-EX 1.15 0.35 0.66 1.68 

 

Tissue Group Mean S.D. Min Max 
Plasma Chow-SED 171.43 83.94 100.27 339.03 

 HF-SED 136.36 16.05 106.63 157.94 
 Chow-EX 128.27 19.90 98.32 151.07 
 HF-EX 134.17 32.23 60.38 162.22 

Liver Chow-SED 214.17 85.02 24.15 273.51 
 HF-SED 225.17 69.62 58.78 281.30 
 Chow-EX 119.79 44.10 51.47 186.07 
 HF-EX 163.38 118.23 7.50 288.88 

Kidney Chow-SED 258.89 10.69 241.42 277.07 
 HF-SED 257.28 9.16 245.35 275.93 
 Chow-EX 277.42 13.67 255.63 304.89 
 HF-EX 254.46 10.14 232.20 264.57 
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Statistical Analyses: 

The following section decribes outcomes from ANOVA analysis and post-hoc tests where 

appropriate comparing outcomes of phenotype, cytokines and AGE measurements. 

Nose-to-anus length: Two-way ANOVA showed that there was a significant difference in 

the mean nose-to-anus length between groups F(3,36)= 5.84, p= 0.0023. No interaction effect 

between diet and exercise was found (p= 0.6279). The HF groups were found to have longer 

mean nose-to-anus length than the Chow groups (p= 0.0034). The EX groups were found to 

have shorter nose-to-anus length than the SED groups (p= 0.0096). Tukey-Kramer post-hoc 

test showed that Chow-EX group was significantly shorter than HF-SED group. Chow-EX 

had nose-to-anus length of between 5.68 and 26.72 mm shorter than the HF-SED group (p= 

0.0011).  

Weight: Two-way ANOVA showed that there was a significant difference in the mean 

weight between groups F(3,36)= 30.50, p< 0.0001. An interaction effect between diet and 

exercise was found (p= 0.0445). The HF groups were found to have higher mean mean 

weight than the Chow groups (p< 0.0001). The EX groups were found to have lower mean 

mean weight than the SED groups (p< 0.0001). Tukey-Kramer post-hoc test showed that, 

except between Chow-SED and HF-EX, all groups were significantly different to each other. 

Percentage body fat: Two-way ANOVA showed that there was a significant difference in 

the mean percentage body fat between groups F(3,36)= 48.18, p< 0.0001. No interaction was 

found between diet and exercise (p= 0.6004). The HF groups were found to have higher mean 

percentage body fat than the Chow groups (p< 0.0001). The EX groups were found to have 

lower mean percentage body fat than the SED groups (p< 0.0001). Tukey-Kramer post-hoc 

test showed that, except between Chow-SED and HF-EX, all groups were significantly 

different to each other. 

Fat/ lean ratio: A log transformation was done for the fat/lean ratio data, as the Brown and 

Forsythe test provided evidence against the hypothesis that the underlying variances were 

equal (p< 0.0024). After log transformation, the Brown and Forsythe test provided no 

evidence against the hypothesis that the underlying variances were equal (p= 0.6645). 

Two-way ANOVA showed that there was a significant difference in the mean log 

transformed fat/lean ratio between groups F(3,36)= 60.37, p< 0.0001. No interaction between 

diet and exercise was found (p= 0.1924). The HF groups were found to have higher mean log 
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transformed fat/lean ratio than the Chow groups (p< 0.0001). The EX groups were found to 

have lower mean log transformed fat/lean ratio than the SED groups (p< 0.0001). 

Tukey-Kramer post-hoc test showed that, except between Chow-SED and HF-EX, all groups 

were significantly different to each other 

Fat mass: A log transformation was done for the fat tissue mass data, as the Brown and 

Forsythe test provided evidence against the hypothesis that the underlying variances were 

equal (p< 0.0016). After log transformation, the Brown and Forsythe test provided no 

evidence against the hypothesis that the underlying variances were equal (p= 0.9181). 

Two-way ANOVA showed that there was a significant difference in the mean log 

transformed fat tissue mass between groups F(3,36)= 67.08, p< 0.0001. No interaction effect 

between diet and exercise was found (p= 0.0590). The HF groups were found to have higher 

mean log transformed fat tissue mass compared to the Chow groups (p< 0.0001). The EX 

groups were found to have lower mean log transformed fat tissue mass compared to the SED 

groups (p< 0.0001). Tukey-Kramer post-hoc test showed that, except between Chow-SED 

and HF-EX, all groups were significantly different to each other. 

Lean mass: Two-way ANOVA showed that there was a significant difference in the mean 

lean tissue mass between groups F(3,36)= 5.22, p< 0.0043. No interaction effect between diet 

and exercise was found (p= 0.2144). The HF groups were found to have lower mean lean 

tissue mass than the Chow groups (p= 0.0011). No effect of exercise was found (p= 0.2424). 

Tukey-Kramer post-hoc test showed that, except between Chow-SED and HF-EX, all groups 

were significantly different to each other. 

Bone mineral content: Two-way ANOVA showed that there was a significant difference in 

the mean bone mineral content between groups F(3,36)= 40.32, p< 0.0001. No interaction 

effect between diet and exercise was found (p= 0.4218). The HF groups were found to have 

higher mean bone mineral content than the Chow groups (p< 0.0001). The EX groups were 

found to have lower mean bone mineral content than the SED groups (p< 0.0001). 

Tukey-Kramer post-hoc test showed that, except between Chow-SED and HF-EX, all groups 

were significantly different to each other.  

Bone mineral density: Two-way ANOVA showed that there was a significant difference in 

the mean bone mineral density between groups F(3,36)= 14.61, p< 0.0001. No interaction 

was found between diet and exercise (p= 0.9174). The HF groups were found to have higher 

mean bone mineral density than the Chow groups (p< 0.0001). The EX groups were found to 
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have lower mean bone mineral density than the SED groups (p= 0.0002). Tukey-Kramer 

post-hoc test showed that, except between Chow-SED and HF-EX, all groups were 

significantly different to each other.  

Blood glucose: No significant difference was found in the mean blood glucose concentration 

between groups F(3,36)= 1.04, p= 0.3875.  

Insulin: A log transformation was done for the insulin data, as the Brown and Forsythe test 

provided evidence against the hypothesis that the underlying variances were equal (p= 

0.0329). After log transformation, the Brown and Forsythe test provided no evidence against 

the hypothesis that the underlying variances were equal (p= 0.6913). Two-way ANOVA 

showed that there was a significant difference in the mean log transformed plasma insulin 

concentration between groups F(3,36)= 4.66, p= 0.0075. No interaction between diet and 

exercise was found (p= 0.3565). The HF groups were found to have higher mean log 

transformed plasma insulin concentration than the Chow groups (p= 0.0091). The EX groups 

were found to have lower mean log transformed plasma insulin concentration than the SED 

groups (p= 0.0162). Tukey-Kramer post-hoc test showed that Chow-EX group was 

significantly lower than HF-SED group (p= 0.0035). Chow-EX had geometric mean plasma 

insulin concentration of 0.77 ng/ml (95% CI: 0.46, 1.27), which was significantly lower than 

HF-SED group with a geometric mean plasma insulin concentration of 2.89 ng/ml (95% CI 

1.73, 4.80).  

Leptin: A log transformation was done for the leptin data, as the Brown and Forsythe test 

provided evidence against the hypothesis that the underlying variances were equal (p< 

0.0001). After log transformation, the Brown and Forsythe test provided no evidence against 

the hypothesis that the underlying variances were equal (p= 0.2131). No interaction was 

found between diet and exercise (p= 0.6483). The HF groups were found to have higher mean 

log transformed plasma leptin concentration than the Chow groups (p< 0.0001). The EX 

groups were found to have lower mean log transformed plasma leptin concentration than the 

SED groups (p< 0.0001). Two-way ANOVA showed that there was a significant difference 

in the mean log transformed leptin concentration between groups F(3,36)= 26.70, p< 0.0001. 

Tukey-Kramer post-hoc test showed that, except between Chow-SED and HF-EX, all groups 

were significantly different to each other.  

Triglyceride: Two-way ANOVA showed that there was a significant difference in the mean 

triglyceride concentration between groups F(3,35)= 7.39, p= 0.0006. Tukey-Kramer post-hoc 
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test showed that HF-SED group was significantly higher than the EX groups. HF-SED had 

triglyceride concentration of between 0.41 and 1.76 mmol/L higher than Chow-EX group (p= 

0.0007), and between 0.29 to 1.64 mmol/L higher than HF-EX group (p= 0.0027). 

Cholesterol: Standard two-way ANOVA was not conducted for the cholesterol data due to 

equivalence of variance, as the Brown and Forsythe test provided evidence against the 

hypothesis that the underlying variances were equal (p= 0.0033) even after a log 

-Howell post-hoc test were conducted. 

concentration between groups F(3, 17.72)= 9.294, p< 0.001. Games-Howell post-hoc test 

showed that HF-SED was significantly higher than Chow-SED. 

LDL: Two-way ANOVA showed that there was a significant difference in the mean LDL 

concentration between groups F(3,35)= 3.75, p= 0.0194. No interaction between diet and 

exercise was found (p= 0.1256). No effect of diet was found (p= 0.0541). The EX groups 

were found to have lower mean LDL concentration than the SED groups (p= 0.0316). 

Tukey-Kramer post-hoc test showed that Chow-SED group was significantly higher than the 

HF-EX group. Chow-SED had LDL concentration of between 0.01 and 0.29 mmol/L higher 

than HF-EX group (p= 0.0268).  

HDL: Two-way ANOVA showed that there was a significant difference in the mean HDL 

concentration between groups F(3,35)= 5.36, p= 0.0038. No interaction between diet and 

exercise was found (p= 0.1634). No effect of diet was found (p= 0.3514). The EX groups 

were found to have lower HDL concentration than the SED groups (p= 0.0007). 

Tukey-Kramer post-hoc test showed that HF-SED group was significantly higher than the 

Chow-EX group and HF-EX group. HF-SED group had HDL concentration of between 0.11 

and 1.19 mmol/L higher than Chow-EX group, and between 0.18 and 1.26 mmol/L higher 

than HF-EX group.  

HDL/LDL, creatine kinase, lipase, ALP: No significant difference was found in the mean 

HDL/LDL ratio between groups F(3,35)= 2.46, p= 0.0791, or concentrations of creatine 

kinase F(3,35)= 0.61, p= 0.6123, lipase F(3,35)= 1.40, p= 0.2590 and ALP F(3,35)= 2.78, p= 

0.0552 between groups. 

ALT: Standard Two-way ANOVA was not conducted for the ALT data due to equivalence 

of variance, as the Brown and Forsythe test provided evidence against the hypothesis that the 
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underlying variances were equal (p= 0.0019) even after a log transformation. Instead, 

-Howell post-

showed that there was a significant difference in the mean ALT concentration between 

groups F(3, 18.323)= 21.67, p< 0.001. Games-Howell post-hoc test showed that HF-SED was 

significantly higher than Chow-SED group and HF-EX group.  

AST: Two-way ANOVA showed that there was a significant difference in the mean AST 

concentration between groups F(3,35)= 3.02, p= 0.0428. No interaction was found between 

diet and exercise (p= 0.4169). The HF groups were found to have higher mean AST 

concentration than the Chow groups (p= 0.0066). No effect of exercise was found (p= 

0.7786). Tukey-Kramer post-hoc test showed weak evidence that Chow-SED group was 

lower than HF-SED group. Chow-SED group had AST concentration of between 2.27 U/L 

higher and 112.19 U/L lower than HF-EX group (p=0.0636). 
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Appendix B. Descriptive Statistics for the Humeral Head Explant 

Culture Experiments 

 

Group Mean S.D. Min Max 
Chow-SED 199.00 39.25 111.20 280.70 

HF-SED 219.60 47.32 138.30 288.50 
Chow-EX 124.00 14.76 98.95 144.10 

HF-EX 193.50 58.96 95.08 286.50 

Cytokine Group Mean S.D. Min Max 
 Chow-SED 5.55 4.70 0.25 11.91 

 HF-SED 5.30 4.36 0.00 11.94 
 Chow-EX 11.57 10.44 0.17 41.33 
 HF-EX 6.30 4.62 0.78 12.66 

 Chow-SED 38.42 12.86 26.46 85.59 
 HF-SED 32.72 6.49 24.33 44.73 
 Chow-EX 81.04 139.43 28.45 498.76 
 HF-EX 40.38 10.82 25.14 59.01 

IL6 Chow-SED 1018.24 378.37 456.14 1786.67 
 HF-SED 1191.92 485.32 488.51 2376.99 
 Chow-EX 519.34 160.49 271.83 884.02 
 HF-EX 996.00 373.79 402.08 1766.35 

IL10 Chow-SED 64.66 38.84 17.71 142.67 
 HF-SED 62.27 23.68 36.10 126.77 
 Chow-EX 61.25 50.63 15.51 201.08 
 HF-EX 128.06 97.83 30.89 430.87 

 Chow-SED 27.16 18.68 0.00 59.87 
 HF-SED 30.86 17.93 1.65 59.36 
 Chow-EX 29.96 18.01 0.00 52.55 
 HF-EX 30.60 22.01 5.76 78.15 

 Chow-SED 6.98 5.42 0.00 16.30 
 HF-SED 6.02 4.23 0.00 16.63 
 Chow-EX 6.95 4.31 0.00 12.73 
 HF-EX 5.98 5.12 0.00 16.73 
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Group Mean S.D. Min Max 
Chow-SED 23.85 28.60 -10.96 60.60 

HF-SED 10.48 24.74 -23.21 43.84 
Chow-EX 23.85 28.60 -10.96 60.60 

HF-EX 15.21 37.41 -43.19 43.19 

Group Exposure Mean S.D. Min Max 
Chow-SED AGE-BSA 223.77 21.49 200.81 266.56 

 BSA 199.92 21.62 162.13 224.01 
HF-SED AGE-BSA 239.48 47.28 182.11 322.00 

 BSA 229.01 54.75 171.80 345.20 
Chow-EX AGE-BSA 249.15 36.33 211.76 302.66 

 BSA 233.94 55.30 169.22 300.08 
HF-EX AGE-BSA 275.99 28.51 247.86 311.68 

 BSA 222.40 16.12 195.65 242.71 
 

Cytokine Group Mean S.D. Min Max 
 Chow-SED -0.60 1.17 -3.18 0.16 

 HF-SED -1.22 2.83 -7.89 1.52 
 Chow-EX -68.76 155.10 -346.21 1.98 
 HF-EX -0.14 2.35 -5.18 1.90 

 Chow-SED -1.33 3.49 -6.90 3.94 
 HF-SED -7.51 15.90 -37.78 3.25 
 Chow-EX -17.45 36.45 -82.56 0.82 
 HF-EX 3.43 3.34 -3.11 7.09 

IL6 Chow-SED 711.26 833.41 -118.70 1778.27 
 HF-SED -40.09 1342.30 -2936.08 1536.15 
 Chow-EX 465.62 467.91 10.67 1187.87 
 HF-EX -407.39 961.56 -1883.20 1075.55 

IL10 Chow-SED 0.24 20.31 -42.18 23.79 
 HF-SED -13.54 116.52 -193.22 206.71 
 Chow-EX 82.58 137.90 0.00 326.10 
 HF-EX -8.65 85.94 -173.62 111.06 

 Chow-SED -2.30 5.96 -16.88 1.30 
 HF-SED -3.02 18.80 -47.90 11.56 
 Chow-EX -77.25 186.92 -411.34 18.78 
 HF-EX 0.99 35.18 -63.41 67.57 

 Chow-SED -7.01 11.77 -34.07 2.47 
 HF-SED -37.45 54.03 -135.25 7.12 
 Chow-EX -31.65 64.45 -146.46 1.14 
 HF-EX -4.87 19.77 -40.18 18.13 
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Cytokine Group Exposure Mean S.D. Min Max 
 Chow-SED AGE-BSA 0.49 0.53 0.00 1.32 

  BSA 1.09 1.46 0.00 4.50 
 HF-SED AGE-BSA 0.71 0.93 0.00 2.64 
  BSA 1.93 2.52 0.00 7.89 
 Chow-EX AGE-BSA 3.67 5.88 0.00 13.84 
  BSA 72.42 160.79 0.00 360.05 
 HF-EX AGE-BSA 1.44 0.98 0.00 2.56 
  BSA 1.58 2.59 0.00 7.74 

 Chow-SED AGE-BSA 36.67 2.71 33.99 41.04 
  BSA 38.00 2.86 33.48 41.74 
 HF-SED AGE-BSA 37.08 3.05 34.16 44.02 
  BSA 44.59 16.92 32.47 72.62 
 Chow-EX AGE-BSA 28.22 1.28 26.46 29.78 
  BSA 45.67 37.00 25.64 111.67 
 HF-EX AGE-BSA 38.86 2.61 35.69 42.62 
  BSA 35.43 2.81 32.13 40.35 

IL6 Chow-SED AGE-BSA 1341.30 832.80 412.90 2406.53 
  BSA 630.04 338.72 293.59 1178.72 
 HF-SED AGE-BSA 919.28 636.39 326.19 2367.13 
  BSA 959.38 1022.11 206.43 3262.27 
 Chow-EX AGE-BSA 914.67 417.56 585.35 1644.01 
  BSA 449.05 186.64 217.34 724.51 
 HF-EX AGE-BSA 793.25 401.79 347.90 1303.80 
  BSA 1200.65 1024.97 228.25 3187.00 

IL10 Chow-SED AGE-BSA 20.65 22.23 0.00 64.48 
  BSA 20.41 36.22 0.00 106.66 
 HF-SED AGE-BSA 48.84 85.33 0.00 254.50 
  BSA 62.39 77.78 0.00 193.22 
 Chow-EX AGE-BSA 108.67 151.77 0.00 353.05 
  BSA 26.09 44.82 0.00 103.49 
 HF-EX AGE-BSA 47.31 47.07 0.00 123.10 
  BSA 55.96 65.87 0.00 203.70 

 Chow-SED AGE-BSA 7.25 15.06 0.00 43.82 
  BSA 9.55 20.92 0.00 60.70 
 HF-SED AGE-BSA 9.82 8.58 0.00 21.92 
  BSA 12.84 23.61 0.00 69.82 
 Chow-EX AGE-BSA 5.01 8.16 0.00 18.78 
  BSA 82.27 183.96 0.00 411.34 
 HF-EX AGE-BSA 14.64 23.08 0.00 67.57 
  BSA 13.65 22.04 0.00 63.41 

 Chow-SED AGE-BSA 3.51 2.68 0.15 7.89 
  BSA 10.53 11.75 2.12 35.41 
 HF-SED AGE-BSA 4.04 4.03 0.15 11.43 
  BSA 41.49 54.76 1.21 144.27 
 Chow-EX AGE-BSA 8.48 11.52 0.54 28.87 
  BSA 40.13 75.86 0.00 175.33 
 HF-EX AGE-BSA 8.50 7.47 2.18 24.66 
  BSA 13.38 16.21 2.27 44.91 
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Appendix C. Effects of BSA on Cytokine Secretion in 2D 

Chondrocyte Culture 

C1. Introduction 

BSA has been used as a negative control for AGE-BSA challenge in many studies (Chen et 

al., 2013; Hiraiwa et al., 2011; Rasheed & Haqqi, 2012; Schelbergen et al., 2012). However, 

the current study showed fluctuations in cytokine secretions following BSA exposure, which 

may be of concern to the use of the negative control (4.3.6). Hence this appendix presents the 

results of a dose-dependent in vitro experiment in cell culture to assess any possible effects of 

BSA on cytokine secretion.  

A murine chondrocyte cell line (clone H5) (van Beuningen et al., 2002) was used to evaluate 

the effects of BSA. The immortalized cell line was developed by van Beuningen et al. (2002) 

from murine articular chondrocytes. In 2D culture, the H5 chondrocyte line display high 

expression type II collagen, high IL1-induced suppression of proteoglycan synthesis and low 

mRNA expression of type I and type X collagens (van Beuningen et al., 2002). Cells cultured 

between passage 25-35 expressed collagen type II mRNA (Leung, 2016). This chondrocyte 

cell line is, to the best knowledge, the only cell line derived from the articular cartilage, and 

hence represents a comparative in vitro model to the in vivo model used in this study.  

The appendix details experiments which aimed to determine the effects of BSA exposure on 

murine chondrocytes, and to assess whether BSA is a suitable negative control to AGE-BSA. 

A dose-response experiment using commercially available BSA for cell culture use was 

conducted.  
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C2. Methods  

C2.1. Culture Medium 

DMEM/F12 medium was prepared similarly to that described in 4.2.2. The H5 cell line was 

maintained using DMEM/F12 medium modified with 10% fetal bovine serum (FBS). 

Chondrocytes underwent serum starvation for 24h prior to exposure. For BSA exposure, 

culture media were supplemented with BSA (0-

triplicates. 

C2.2. CBA 

The methods for CBA were identical to that described in 3.2.6. The cytokines measured 

 

C2.3. Cell Culture 

Chondrocytes (passage 23) were seeded in 24-well plates (Standard tissue culture; 

Flat-bottom; Growth area: 2cm2; Well volume: 3.5ml; Corning Life Sciences) at 2.5×104 

cells/ml. Chondrocytes were seeded and exposed to BSA, of which the final volumes were 

incubated at 37°C and 5% CO2 for 24h. The medium samples were aliquoted and stored at 

-80°C for CBA measurement. 

C2.4. Statistics 

To compare the effects of BSA dose on cytokine concentration in medium samples, the 

Krustal-Wallis test was used. Statistical Analysis System (SAS) 9.3 (SAS Institute) was used 

for statistical analysis. GraphPad Prism 6 (GraphPad Software, Inc.) was used for graph 

generation. 
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C3. Results 

A summary of all cytokine measurements after BSA exposure (0-

Figure . 
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The median cytokine concentrations were significantly different in IL6 (p= 0.0070) and 

MCP1 (p= 0.0054). The median cytokine concentrations were not significantly different in 

 

 

C4. Conclusion  

The current study showed that the BSA exposure induced dose-dependent IL6 and MCP1 

responses. Based on the current results, BSA was found to be an active agent to induce 

cytokine secretion in vitro. Both AGE-BSA and BSA were endotoxin-tested. This provides 

evidence that BSA may not be a suitable negative control, at least for measurements of 

certain cytokines.  
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