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Abstract:  
 
Studies have been conducted to highlight the anti-inflammatory and immunosuppressive 
properties of cannabinoids and also their potentials for cartilage repair and regeneration. 
Various wound healing techniques can be used to investigate the mechanisms of 
chondrocyte repair in monolayers or three dimensional tissue constructs. The effect of 
different concentrations of the synthetic cannabinoids WIN55, 212-2 (WIN-2), URB602 
and HU-308 with and without their antagonists on the wound healing of chondrocyte 
monolayers was investigated using a simple scratch assay model. The three 
cannabinoids were found to increase wound healing of chondrocyte monolayers, but at 
different rates. WIN55, 212-2 at a concentration of 1μM had the highest effect of 
increasing both migration and proliferation of chondrocytes cultured in a chondrogenic 
media, which increased the rate of wound closure. It was also found that treating the 
cells with 2μM of any of the cannabinoids lead to a decrease in cell proliferation and the 
rate of wound closure. These findings were further investigated, by studying the effect 
of WIN-2 on nitric oxide (NO) and matrix metalloproteinase-2 (MMP-2) expressed by 
wounded chondrocyte monolayers. Moreover, expression of collagen type-I, collagen 
type-II, fibronectin and S100 proteins were detected using immunofluorescence and 
verified quantitatively using ELISA based techniques, following treatment with 1μM 
and 2μM of WIN-2, for both 2D monolayers and 3D sheets. Treating chondrocytes with 
1μM of WIN-2 significantly increased collagen type-II, fibronectin and S100, and 
significantly reduced collagen type-I compared to control groups in monolayers and 
chondrocyte cell sheets. On the other hand, both concentrations of WIN-2 significantly 
reduced the expression of the inflammation markers NO, and MMP-2, in a dose 
dependent manner.  These findings highlight the potential use of the synthetic 
cannabinoid for improving the rate of wound closure as well as acting as an anti-
inflammatory agent, which could be used to enhance tissue engineering protocols aimed 
at cartilage repair.  
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1.1. Introduction 

Cells have been cultured (grown) in vitro for many years, but it has only recently been 

possible to grow complex three dimensional tissue that replicates the function of normal 

human tissue (Bethesda, 2010). Tissue engineering started as part of biomedical 

engineering, later on the increase in the importance of this science led to considering it 

as its own discipline (Kim and Han, 2000). Tissue engineering uses a combination of 

biology, material science and biomedical engineering, to help in the repair and 

replacement of failing human tissues and organs by forming new tissue that have the 

same zonal organization, biochemical composition, and mechanical properties (Kim and 

Han, 2000, Kuo et al., 2006).  The dramatic increase in the prevalence of cartilage 

disease, injuries and its poor ability to repair (Kerr, 2010) due to very low (or no) blood 

supply (Gowran et al., 2010, de Isla et al., 2010) has increased the need for engineered 

cartilage for use in cartilage repair and reducing pain by maintaining a smooth gliding 

surface. Although cartilage may appear as a simple tissue containing one type of cell, 

the most suitable method for cartilage repair is natural regeneration or biological 

resurfacing (Goldberg and Caplan, 1994). 

Chondrocytes play a major role in maintaining cartilage homeostasis, where they 

maintain the balance between cartilage degradation and the biosynthesis as well as 

incorporation of matrix components (Steinmeyer and Daufeldt, 1997). Matrix 

metalloproteinases (MMPs) and other proteinases such as aggrecans and collagenases 

are mainly responsible for cartilage degradation, i.e. degrading main extracellular 

matrix (ECM) components such as collagen type II and proteoglycans (Cawston, 1998). 

These proteinases are secreted by chondrocytes in a latent form, and inhibited by tissue 

inhibiters metalloproteinases (TIMPs) (Steinmeyer et al., 1997). The ability of cartilage 
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repair could therefore be increased if the secretion of TIMPs is increased or if the 

secretion of proteinases is reduced.  

Synthetic cannabinoids such as WIN-55,212-2 and HU-210 have been found to affect 

the metabolism of chondrocytes reducing cartilage breakdown (Mbvundula et al., 2006). 

These cannabinoids were found to inhibit the production of interleukin-1 alpha (IL-1α) 

induced nitric oxide (NO) (Mbvundula et al., 2005) thus reducing the degradation of 

cartilage due to MMPs. Ajulemic acid (AjA), another synthetic cannabinoid was found 

to suppress MMPs induced by tumour necrosis factor alpha (TNFα) or IL-1α 

independently to peroxisome proliferator-activated receptor gamma  (PPARγ) 

(Ambrosio et al., 2007). It has also been found that these cannabinoids have anti-

inflammatory effects, reducing cartilage degradation in inflamed arthritic joints 

(McDougall et al., 2008, Richardson et al., 2008).  The view that cannabinoids may 

have anti-inflammatory effects is supported by evidence that the cannabinoid system 

functions on the ancillary tissue and cells in cartilage as well as fibroblasts, 

myofibroblasts, mesenchymal stem cell and synoviocytes (Richardson et al., 2008, 

McPartland, 2008, Idris et al., 2009). Furthermore, the endocannabinoids anandamide 

(AEA) and 2-arachidonyl glycerol (2-AG) were identified in the synovial fluid of 

osteoarthritis (OA) and rheumatoid arthritis (RA) patients while, they were not detected 

in the synovial fluid of normal volunteers (Richardson et al., 2008). This shows the 

importance of the cannabinoid system in maintenance of the homeostasis of arthritic 

joints. 

Although extensive studies have been conducted on the role of cannabinoids in bone 

metabolism (Idris and Ralston, 2010a),  so far, the effect of cannabinoid on  

chondrocyte wound repair has not been investigated and its repair mechanism has not 
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been fully understood. The aim of this work was to investigate the effect of the 

synthetic cannabinoids WIN55, 212-2 (WIN-2), URB602 and HU-308 on wound 

healing and protein expression of chondrocytes monolayer. 

1.2. Cartilage structure

Cartilage is an avascular extracellular matrix (ECM), where the ECM is composed 

mainly of tissue fluid (70%-80%) and structural macromolecules (20%-30%) that 

interact with elastic fibres and collagen  such as;  proteoglycans and 

glycosaminoglycans (Junqueira and Carneiro, 2005, McGinty and Burkhart, 2003, Hall, 

2005). It is an aneural tissue, where cells survive without any intercellular connections 

(Ozkan et al., 2007).  

 

Figure 1. 1  A scanning electron micrograph of a chondrocyte in the articular cartilage 

of a human patella (Hall, 2005).
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Cartilage formation is dependent on the cartilage depositing cells: chondroblasts 

(immature cells), chondrocytes (mature cells) (Figure 1.1) and cartilage removal is 

mediated by multi-mono-nucleated chondroclasts (Kerr, 2010).  

Mesenchymal cells are deeply located in the perichondrium surrounding hyaline 

cartilage (except articular cartilage) and they have the ability to differentiate into 

chondroblasts (Pavelka and Roth, 2010), which makes them an attractive option for cell 

therapy of damaged cartilage (Agar et al., 2011, Karlsson et al., 2007). Chondroblasts 

play a major role in cartilage formation, by secreting the components of the extracellular 

matrix (ECM) that consists of the ground substance (hyaluronan, chondroitin sulphates 

and keratin sulphate) and Tropocollagen type II, the dominant form of collagen fibres 

present in almost all types of cartilage. The secretion of ECM continues until it 

increases the gap between chondroblasts, causing them to differentiate into 

chondrocytes, which lie in fluid filled spaces surrounded by a region free of fibres 

(lacunas) as shown in Figure 1.1 (Watkins, 2009, Hall, 2005).  

Unlike ordinary connective tissue, cartilage has the ability to withstand all types of load 

especially bending, twisting (Watkins, 2009) and other mechanical stresses, without 

being damaged (Joseph et al., 2007). This ability is mainly due to its highly specialized 

ground substance. The ground substance contains a huge carbohydrate protein 

molecular complex (proteoglycans) (Watkins, 2009), which functions by resisting 

compressive forces, and fibrous proteins (collagen type II) that resist tensile stresses 

(Borg, 2010). Proteoglycans also have a high affinity to water, attracting many times 

their own weight of water, thus under normal circumstances the main consistency of 

cartilage is water producing a highly viscous gel called a proteoglycan gel, which 

together with elastin and collagen fibres form a high rubbery smooth material (Ross and 
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Pawlina, 2006). This consistency gives cartilage the shock absorbing  properties, 

facilitating the joint movement by providing a smooth resilient sliding surface (Singh, 

2008). Cartilage is also essential in the growth of long bones before and after birth 

(Singh, 2008). Variations in the composition of cartilage ECM components give three 

different types of cartilage; each type has a different biomechanical role as described in 

the following sections. 

1.2.1. Types of cartilage 

1.2.1.1. Hyaline cartilage 

 

 

Figure 1. 2  Histology of hyaline cartilage. At the left the bracket indicates the hyaline 

cartilage. At the right this tissue is more highly magnified. The chondrocytes (A) are 

located in lacunae (C). The matrix (B) contain collagen fibres that are so fine they are 

not visible in tissue preparations (Wick, 1997). 
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Hyaline cartilage is the most abundant type of cartilage and it is an opalescent, bluish 

tissue that is widely distributed in the human body (Meyer and Wiesmann, 2006a). It is 

a connective tissue with evenly dispersed chondrocytes in lacunae (Figure 1.2). In 

addition, it makes up the embryonic skeleton, where its percentage gradually decreases 

in the foetus skeleton as  it develops to remain in the epiphyseal plates in the foetus 

bones and in growing children (Meyer and Wiesmann, 2006a).  Furthermore, it exists in 

the ventral aspects of ribs, trachea on the articular surface of bones in the larynx and the 

bronchial tree (Slomianka, 2009) (Figure 1.3). Articular cartilage is the only form of 

hyaline cartilage that is not surrounded by the perichondrium (Guilak et al., 2003) 

(Figure 1.3) 

Figure 1. 3 Histological structure of hyaline cartilage in the trachea stained with the 

van Gieson method (Slomianka, 2009). 
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On the other hand, hyaline cartilage in the knee has biochemical and bio-physiological 

properties, which enables it  to withstand different types of repetitive mechanical forces, 

which can sometimes reach up to 65 times of the body weight (Borg, 2010). 

1.2.1.2. Elastic cartilage 

Elastic cartilage is present in the walls of the external auditory meatus, the auricle of the 

external ear, the Eustachian tube, parts of the larynx and the epiglottis (Meyer and 

Wiesmann, 2006a). It is the most flexible type of cartilage, because of the abundant 

elastin fibres. This balanced flexible structure helps keep tubular structures open 

(Palande, 2010). Unlike hyaline cartilage, elastic cartilage contains less ground 

substance, which is filled with huge numbers of elastic fibres that branch to form 

networks and give the elastic cartilage its flexibility (Wick, 1997), it also has type 

collagen type II(Singh, 2008).  

 

Figure 1. 4  Histological structure of elastic cartilage. Elastic cartilage is contained 

within the bracket at the left. This tissue is more highly magnified at the right. 

The chondrocytes (A) are contained in lacunae (C). The matrix (B) contains abundant 

elastic fibres (Wick, 1997). 
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When comparing Figures 1.2 and 1.4, it can be found that the chondrocytes in elastic 

cartilage are more closely packed and more abundant. This shows that hyaline cartilage 

has more fibre bundles to make it spongier and more shock absorbing (Guilak et al., 

2003).  

1.2.1.3. Fibrocartilage 

Fibrocartilage exists in the intervertebral discs, the annulus fibrosus, the junction 

between the large tendons, articular cartilage in large joints and the symphysis pubis 

(Meyer and Wiesmann, 2006a). Unlike the previous types of cartilage, fibrocartilage 

mainly consists of collagen type I (Slomianka, 2009). The presence of collagen type I 

makes it the toughest type of cartilage, since collagen type I is tougher than collagen 

type II, which is present in other type of cartilage (Palande, 2010). Furthermore, it is un-

uniform, where fibrocartilage possesses a more open or spongy architecture, compared 

to hyaline cartilage, with gaps between collagen fibre bundles and lacunae (Guilak et 

al., 2003), also the ground substance in the fibrocartilage is less abundant than it is in 

hyaline cartilage due to the preponderance of fibres (Ross and Pawlina, 2006).  

 

Figure 1. 5  Fibrocartilage from the 

intervertebral discs (Hill, 1999). 

 

Figure 1. 6  Fibrocartilage from the 

pubic sumphysis (Hill, 1999).
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1.2.1.4. Articular cartilage 

Articular cartilage is a very smooth, hard type of hyaline cartilage that acts as a shock 

absorber for articulating bones, transferring high loads from one bone plate to another 

(Ozkan et al., 2007). Therefore, it is ideally suited for placement joints (hip and knee), 

since it has very low friction coefficient (~0.001)  (Joseph and Mansour., 2010) and the 

ability to withstand compressive loads providing wear resistant and load bearing surface 

for synovial joints (Ross and Pawlina, 2006). These unique biomechanical and 

morphological properties (Romanelli et al., 2008), are very difficult to emulate, despite 

considerable efforts (Ozkan et al., 2007).  

The chondrocyte’s ability to synthesize cartilage is regulated by mechanical stimuli 

(Waldman et al., 2003), where deep lacunas hold more than one chondrocyte; however, 

peripheral lacunas typically hold chondrocytes that are more flattened in shape (Pavelka 

and Roth, 2010).  

Despite huge demands that cartilage faces, it is an acellular tissue, where the cell 

volume average is 2% of the total volume of articular cartilage in the human body 

(Meyer and Wiesmann, 2006a). Unlike other types of hyaline cartilage, articular 

cartilage is not surrounded by the perichondrium (Clifford, 2010), which contains both 

capillaries for nutrition and chondroblasts that become involved in appositional growth 

(Clifford, 2010). Furthermore, calcified cartilage covering the bone limits the ingress of 

blood vessels, which supply the subchondral bone (Ruth A. Hannon, 2009). However, 

articular cartilage gets its nutrition from the synovial fluid that bathes it (Wehling, 

2007). The thickness of articular cartilage varies from one joint to another; however, at 

its thickest it reaches only ~ 2-4mm covering the human femur and tibia bone (Hardy et 
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al., 2001).  All these factors make it extremely hard for cartilage to repair once 

damaged. 

Zones of articular cartilage 

Articular cartilage can be divided into 4 histological zones  on the bases of collagen 

fibres and orientation (McGinty and Burkhart, 2003). 

Superficial zone 

The superficial zone or tangential zone is the outer zone of articular cartilage and it 

represents 10% of the articular cartilage (Feller, 2010). It has the highest concentration 

of collagen fibres  (Clifford, 2010) where they run tangent to the articulating surface, as 

shown in Figure 1.7, making this zone resistant to shear stresses, it also has the lowest 

concentration of proteoglycans (Clifford, 2010).   

In the superficial zone the chondrocytes are parallel to the surface and flat (Meyer and 

Wiesmann, 2006a). On the other hand it is the first zone to show changes to 

osteoarthritis (Saarakkala et al., 2010) due to its low metabolic activity, which reduces 

its ability to heal (Andrew et al., 2005).  It may also act as a barrier that protects the 

deeper zones of the cartilage by reducing the penetrating of large molecules 

(antibodies), and also by preventing molecule’s loss from the cartilage to the synovial 

fluid , such as aggrecan (McGinty and Burkhart, 2003). 
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Figure 1. 7  Histology and collagen fibre orientation in the zonal structure of articular 

cartilage (Kerr, 2010). 

Transitional zone 

The transitional zone involves the transition between the shearing forces in superficial 

layer and the compressive forces in the cartilage (Clifford, 2010).  This zone represents 

~ 40% of the cartilage thickness (Feller, 2010), and it is mainly composed of 

proteoglycans (McGinty and Burkhart, 2003).  

The collagen fibres in this zone are obliquely oriented to each other (Figure 1.7) which 

together with the high consistency of proteoglycans makes it resistant to compressive 

forces (Pavelka and Roth, 2010).  

This zone has a lower density of chondrocytes, which are more rounded and more 

extensive compared to the superficial zone (Meyer and Wiesmann, 2006a), and this 

gives the transitional zone a more typical hyaline cartilage morphological features. Also 

the chondrocytes in this zone have much more endoplasmic reticulum, mitochondria, 
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Golgi apparatus and occasional intra-cytoplasmic filaments (McGinty and Burkhart, 

2003), which suggest an increase in synthesising ECM.  

Deep radial zone 

The deep zone represents the largest part of articular cartilage (Gregory et al., 2007), 

where load is distributed and compression forces are mainly resisted (Clifford, 2010).  

Collagen fibres in this zone have the largest diameters, the concentration of 

proteoglycans is the highest and the concentration of water is lowest (McGinty and 

Burkhart, 2003). The collagen bundles (Slomianka, 2009) and the chondrocytes are 

perpendicularly arranged to the cartilage surface .  

The protein synthesising in this zone is greater than other regions (McGinty and 

Burkhart, 2003), where the chondrocytes are relatively large and have many intra-

cytoplasmic filaments, Golgi bodies, abundant endoplasmic reticulum and glycogen 

granules (Slomianka, 2009). 

Calcified zone 

This zone acts as a transition or an anchor between the soft articular cartilage and the 

stiffer subchondral bone (McGinty and Burkhart, 2003). It contains the trademark layer, 

which straddles the boundary between calcified and un-calcified cartilage (Clifford, 

2010).  Unlike other types of hyaline cartilage, the calcified zone in articular cartilage 

does not calcify, where the chondrocytes can resist mineralization (Hwang et al., 2012). 

1.3. Articular cartilage damage 

The damage to articular cartilage can cause pain, swelling and loss of mobility, 

preventing affected patients from performing their daily activities thus, reducing the 
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quality of life. Articular cartilage can be mainly damaged by trauma, degenerative wear 

or by any other specific joint disease. However, the leading cause of articular cartilage 

damage is arthritis. Arthritis could be inflammatory or degenerative causing pain and 

stiffness of joints after immobility or activity, respectively (Dearborn and Jergesen, 

1996, Volker Neugebauer, 2012). There are two major types of arthritis, namely 

osteoarthritis (OA) and rheumatoid arthritis (RA). 

Osteoarthritis (OA) 

Osteoarthritis is the most common type of arthritis, and it starts by disruption of the 

surface layer of cartilage (superficial zone), followed by the destruction of the 

underlying layers until reaching the irreversible end-stage, which is bone rubbing 

against bone (William and Shiel, 2010, Hauser, 2010) (Figure 1.8). Furthermore, the 

continuous use of worn joints can irritate and inflame the cartilage causing pain and 

swelling of the joints (Rangen, 2010). This inflammation can also stimulate new bone 

outgrowth known as osteophytes (bone spurs) (Figure 1.9). The rate of OA occurring 

increases as we age, it occurs more frequently in males before the age of 45, but after 

the age of 55 women are at higher risk (William and Shiel, 2010). This is due to the 

water content of cartilage increases and the protein make up of cartilage degenerates 

(Abramson, 2012). All these implications lead to a reduction in mobility, and increase 

in obesity also associated with many diseases such as diabetes, gout, high blood 

pressure, coronary disease,  cancer and cerebral haemorrhage (Belluscio, 2007).   
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Figure 1. 8  Normal and Arthritic joints(William and Shiel, 2010). 

 

 

Figure 1. 9  Magnetic Resonance Imaging (MRI) of an osteophyte in a human knee 

joint (inside circle) (Besomi, 2003). 
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In the industrialized world the majority of adults over the age of 65 suffer from obesity 

(Belluscio, 2007) which reduces mobility and thus increases the risk of getting OA 

(Sowers and Karvonen-Gutierrez, 2010). Furthermore, ageing is associated with loss of 

muscle mass, thus increasing the load on the weight bearing joints such as the hip and 

the knee (Hamerman, 1995), hence increasing the risk of OA. On the other hand, as we 

age the turnover rate of cartilage becomes slower, where the ability of chondrocytes to 

respond to various stimuli is reduced (Martin and Buckwalter, 2002). Additionally, 

chondrocytes in ageing adults produce less chondroitin sulphate, and produce more 

keratin sulphate (John et al., 2000), which forms collagen linkage with less tensile 

strength compared to that produced by the chondroitin sulphate (John et al., 2000), thus 

cartilage becomes softer as we age. The result of this is joints that are more likely to 

suffer from wear, tear, infection or injury, increasing the risk of OA, unless suitable 

amounts of chondroitin sulphate are provided.  

According to the office for national statistics (Figure 1.10), the average age of the UK 

population increased from 35.3 in 1999 to 39.5 years in 2009. The highest age 

population is about 41 years for both males and females. Furthermore, ageing of the UK 

population is predicted to increase, and thus it is projected that in 2035, the median age 

will rise to 42.2 years, an increase of 2.5 years from the median age of 2010 (Office for 

National Statistics, 2012). This problem is not just facing the UK, in fact other western 

countries, especially Germany, are predicted to show a rise in the median of their age 

population (Office for National Statistics, 2012). It can be easily concluded that a large 

number of people are at high risk of being infected by OA.  Thus, increasing the need 

for an efficient medical treatment for OA and cartilage damage. 
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Figure 1. 10  UK population by age and gender 2009 (Office for National Statistics, 

2010). 

 

Rheumatoid arthritis (RA) 

Rheumatoid arthritis starts by swelling and inflammation of the synovial membrane 

surrounding the joint causing pain, warmth, redness and stiffness (Marcia Vital, 2009). 

After during this process, the synovial membrane thickens due to rapid cell growth and 

division (Kindersley, 2013). Finally, cartilage and bone are digested by released 

enzymes from inflamed cells (Toole, 2013). This causes the joint involved to lose both 

shape and alignment causing more pain and loss of mobility (William and Shiel, 2010).  

The synovial fluid and cartilage of patients with rheumatoid arthritis (RA) and 

osteoarthritis exhibit increased interleukin 1 (IL-1) levels, a major proinflammatory 
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cytokine associated with arthritic inflammation and the destruction of cartilage (Dayer 

and Bresnihan, 2002). Furthermore, Interleukin-1 beta (IL-1β) is a factor involved in 

mediating the pathologies associated with arthritis (Ferrero-Miliani et al., 2007), where 

the caspase 1 (IL-1β converting enzyme) controls the generation of the active form of 

IL-1β (Dayer and Bresnihan, 2002). On the other hand, IL-1 induces matrix 

metalloproteinases (MMPs), which cleaves collagen type II and represses extracellular 

matrix (ECM) genes in chondrocytes changing the physiology of joints (Kapoor et al., 

2010), hence resulting in the damage of both cartilage and underlying bone.  

After the extracellular IL-1 is produced, IL-1α (associated with the membrane), or IL-1β 

(soluble) could bind to two types of receptors at the same cell surface. They can bind to 

the functional IL-1 receptor I (IL-1RI) and IL-1RII a decoy receptor expressed at the 

surface of cells. The binding of IL-1 to this decoy receptor reduces its binding to IL-

1RI, because IL-1RII does not transduce any signal. Thus, diminishing the 

concentration of active IL-1α and IL-1β (Dinarello, 1996). IL-1α and IL-1β are both 

detected at all phases of RA and are abundant at the local level (Dayer and Bresnihan, 

2002). From this pattern of cytokine expression the therapeutic use of IL-1–blocking 

therapy can be justified at any stage of the disease. Thus, if an antagonist was used with 

the local IL-1 receptor (IL-1R) it will do the same job as the local interleukin-1 receptor 

antagonist (IL-1RA) inhibiting the inflammatory effects of IL-1β, reducing cartilage 

damage caused by IL-1. 

Blocking IL-1 with specific antibodies by IL-1 receptor antagonists reduces cartilage 

loss and invasion of cartilage by synovium in animal models and in patients (Dayer and 

Bresnihan, 2002). A study conducted by Dayer and Bresnihan (2002), showed that 

injecting rabbits knee joints with IL-1α or IL-1β led within hours to accumulation of 
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leukocytes in synovial fluid of the joints, which was followed by a great loss of articular 

cartilage’s proteoglycan. However, the injection of the same rabbits with IL-1RA 

inhibited this, which could be due to nitric oxide (NO) production, which is a 

macrophage-derived, highly reactive, cytotoxic free radical  (Fakhrzadeh et al., 2012) 

that has been implicated in cartilage tissue injury in a variety of diseases such as OA 

(Amin and Abramson, 1998). Cartilage obtained from OA patients produces significant 

amounts of NO, which exerted detrimental effects on chondrocyte function, indicating 

inhibition of collagen and procollagen synthesis, enhanced apoptosis, and inhibition of 

β-1 integrin-dependent adhesion to the ECM (Amin and Abramson, 1998, Abramson, 

2008a); however, other studies have shown that NO may have a cartilage protective 

effect (Abramson, 2008b). There are many benefits from blocking IL-1 activity using 

IL-1RA such as  a 2-fold decrease in proteolytic enzymes production, and reversing the 

inhibitory effect of IL-1 on the repair process (i.e., new synthesis of proteoglycan and 

collagen) (Dayer and Bresnihan, 2002). Thus, inhibition of IL-1 action could constitute 

to a valid treatment for arthritis. Allen et al. (2010) studied the effect of over expression 

of IL-1β on limb dysfunction and pain in rat’s knee. Furthermore, the ability of the local 

IL-1RA to reverse the associated pathology was investigated. Over expression of I-L1β 

was induced by intra-articular injection of 30 Wistar rats with saline fibroblasts, which 

were infected retrovirally with human IL-1β cDNA. After 1 day of cell delivery subset 

of rats were injected with 30 ml intra-articular injection of human IL-1RA (0.65 mg/ml 

hIL-1RA, n =7 per group). The histopathology of the infected knees indicated loss of 

cartilage on the femoral grove and condoyle as consequence of joint inflammation 

caused by elevated levels of endogenous IL-1β (Allen et al., 2010). The injection of 

intra-articular IL-1RA failed to reduce cartilage loss indicated by histopathology. This 
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could be due to the rapid clearance of the infected knees from the injected IL-1RA, 

especially that the rats were only injected once with IL-1RA, while the levels of the 

endogenous IL-1β were elevated. However, another study showed that the multiple 

injections of IL-1RA has a potential to attenuate cartilage degeneration (Caron et al., 

1996), which proves the fact that the continuous inhibition of IL-1β by using IL-1R 

antagonists, will reduce inflammation and cartilage degeneration. 

A study was conducted by Tchetina et al (2010) to show the effect of growth factors 

that are known to suppress the epiphyseal plate hypertrophy on the degeneration of 

collagen type II, and the hypertrophy of chondrocytes, in human cartilage infected with 

OA. The effect of transforming growth factor (TGF)-β2, fibroblast growth factor (FGF)-

2 and insulin growth factor (IGF)-1 was tested.  Cells were treated with the growth 

factors individually or combined, where a reduction in cleavage of collagen type II 

mediated with collagenase was observed when treated with combined growth factors 

(Tchetina et al., 2006). However, FGF-2 and IGF-1 alone failed to inhibit collagen 

cleavage, where TGF-β2 with low concentrations was able to reduce the degradation of 

collagen type II (Tchetina et al., 2006). This suggests that the reduction in collagen type 

II degradation was mainly caused by TGF-β2. On the other hand, these growth factors 

did not inhibit the degradation of glycosaminoglycan (mainly aggrecan). The 

experiments also revealed that TGF-β2 suppressed the expression of MMP-13 and 

MMP-9 and proinflammatory cytokines IL-1β and TNF-α (Tchetina et al., 2006), while 

increasing the expression of both prostaglandin E2 and prostaglandin E1. From these 

findings it can be concluded that TGF- β2 can be used to suppress collagen type II 

resorption and chondrocyte hypertrophy in OA and this may be mediated by 

prostaglandin E2.  However, this ability is limited by decrease in the responsiveness of 
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rat chondrocytes to growth factor as they age (Ribault et al., 1998), due to the reduction 

in number and affinity of cell-surface binding sites for ligands (Ribault et al., 1998). 

Furthermore, this study found the solution to the degradation of collagen type II only, 

and not the other types of degradation associated with OA such as aggregans and 

protoeglycans. It is interesting to find that cleavage in the degradation of collagen type 

II was associated with the same growth factor known to supress epiphyseal plate 

hypertrophy.  

1.4. Articular cartilage repair 
 

It is extremely difficult for articular cartilage to repair naturally due to the limited 

number of chondrocytes and the fact that articular cartilage is not surrounded by the 

perichondrium (Clifford, 2010) which contains both capillaries for nutrition and 

chondroblasts that become involved in appositional growth (Clifford, 2010). 

Additionally, the calcified cartilage zone covering the bone limits the diffusion of blood 

vessels limiting nutrition, oxygen supply and lymphatic drainage (Ruth A. Hannon, 

2009). 

As mentioned earlier, the superficial zone has chondrocytes that are low in numbers and 

activity compared to the deep zone of cartilage. Although chondrocytes in this zone 

produce new ECM throughout life, they are ineffective in responding to injury, where a 

slight reaction is stimulated in the adjacent chondrocytes when cartilage wounds do not 

penetrate the subchondral bone (O'Driscoll., 1998). Thus, defects that are larger than 2-

4mm in diameter do not heal normally and rarely heals with the use of continuous 

passive motion (O'Driscoll., 1998). On the other hand, when the subchondral bone is 

penetrated, the usual inflammatory wound-healing response takes place (Roughley, 
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2002). Stem cells in bone marrow are recruited to fill defects in cartilage with new 

tissue (Melero-Martin and Al-Rubeai, 2007). This observation encouraged surgeons to 

stimulate stem cells in bone marrow, by using microfracture (Figure 1.11), drilling or 

abrasion to penetrate the subchondral bone, to aid in the process cartilage repair 

(Desjardins and Hurtig, 1990).  

However, the tissue formed is normally composed of disorganised collagen fibres, and 

has fibrocartilage properties having been synthesised by fibrocytes, which modulate into 

fibrochondrocytes (Melero-Martin and Al-Rubeai, 2007).  

 

 

Figure 1. 11  Steps of the microfracture technique. Left: Damaged cartilage is 

removed. Centre: Awl is used to make holes in the subchondral bone. Right: Healing 

response brings new, healthy cartilage cells (Mithoefer et al., 2006). 

 

Although the formed fibrocartilage offers the patients significant pain relief (Mithoefer 

et al., 2006),   it is rougher and less efficient in resisting compressive loads (Bobic, 

2013). Hence, the newly formed tissue rarely resembles the damaged articular cartilage 

as a wear-resistant and as a weight-bearing surface, which may lead to degeneration of 

the repaired cartilage, especially in older age groups or patients with high body mass 
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index (Mithoefer et al., 2006). This suggests that the repair process of articular cartilage 

requires chondrocytes proliferation and associated enhancements of ECM (collagen 

type II and proteoglycans) synthesis. 

 

Osteochondral autograft transplantation (OATS) or Mosaicplasty, is another surgical 

procedure that is widely used to treat articular cartilage damage (Hangody et al., 2004). 

In this procedure, a graft of healthy cartilage tissue is extracted, as a cylindrical plug of 

cartilage and subchondral bone, from a non-weightbearing area (Figure 1.12) (Redman 

et al., 2005).  

After that, the plug is matched to the 

degenerated cartilage site, and impacted 

into place, which leaves a smooth 

cartilage, reducing pain and improving 

mobility in small and medium sized 

full-thickness defects (Hangody et al., 

2004). However, this procedure is not 

suitable for larger defects (Bobic, 

2013), and also cartilage tissue from a 

non-weightbearing area, could have 

inferior properties to that covering 

weightbearing area.  

 

Figure 1. 12  Mosaicplasty type 

osteochondral autograft 

transplantation procedure (Hangody 

et al., 2004). 
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In larger defects or in older age groups, Osteochondral Allograft Transplantation has 

been successfully used to treat articular cartilage damage (Gomoll et al., 2010). This 

procedure is very similar to OATS, except that the cylindrical plug of cartilage and 

subchondral bone is extracted from a cadaver (Redman et al., 2005). Although the 

body’s immune response to foreign articular cartilage is minimal, an immune response 

is still a potential problem with this approach (Redman et al., 2005). Furthermore, the 

fresh allograft tissue available is less than enough, due to the rapidly increasing demand 

(Gomoll et al., 2010). 

 

Other well-established surgical treatments, especially for focal cartilage defects, include 

autologous chondrocyte implantation (ACI) or Carticel (Jungmann et al., 2012). The 

first step of this procedure involves the extraction of a healthy cartilage biopsy from a 

non-weight bearing area arthroscopically. Chondrocytes are then extracted from this 

biopsy and cultured in-vitro and multiply over a period of 3-5 weeks (AAOS, 2010). 

The second step involves an open surgical procedure, or arthrotomy, where a layer of 

the periosteum (bone-lining tissue), is sewn over the defected area using fibrin glue 

(Bobic, 2013). Finally, the cultured chodrocytes are injected under the periosteal cover 

(Figure 1.13). 

Even if ACI is an effective long term durable therapy for focal cartilage defects 

(Jungmann et al., 2012), it has a failure rate of 10% - 20% (Niemeyer et al., 2008). In 

addition to requiring a long time to complete, it requires two surgical incisions, 

arthroscopically and arthrotomy. Additionally, it is quite common for patients with ACI 

implantation to have subsequent surgical procedures (SSPs), primarily arthroscopy 

(Gomoll et al., 2010). Moreover, this technique ignores treating the damaged 
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subchondral bone, which has been shown in many studies (Dhollander et al., 2010, 

Marlovits et al., 2006)  to affect the clinical outcomes. 

 

 

Figure 1. 13  Schematic diagram showing different stages involved in the process of 

autologous chondrocyte Implantation (Redman et al., 2005). 

 

This has led to an increase in the investigation of the second generation of ACI, which 

is a matrix assisted chondrocyte implantation that has marked advantages from a 

biological and surgical point of view (Gomoll et al., 2010). Essentially, in this technique 

autologous chondrocytes are grown in vitro on biodegradable scaffolds followed by 

their transplantation into the defect site. While some studies have shown improved 

clinical results over the first generation of ACI  (Gomoll et al., 2010), others have 

disagreed  (Zeifang et al., 2010). Importantly, the major problem facing both techniques 

is producing mechanically and functionally stable cartilage that integrates into the 

adjacent articular surface. What is more, articular cartilage and subchondral bone are 
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tightly coupled since injuries of either will reduce the joint function significantly. 

Consequently, there is an increase in the investigation of biphasic (Jiang et al., 2007) 

and multiphasic (Niederauer et al., 2000) scaffolds that are suitable for growing 

cartilage and bone tissue. Nevertheless, there are many factors affecting the outcome of 

these scaffolds. For instance, the osteochondral healing was improved by increasing the 

stiffness of scaffolds made from poly(D,L)lactide-coglycolide (PLG) (Schlichting et al., 

2008), and the pore size may also play an important role in scaffolds made from the 

same material (Nagura et al., 2007). Additionally, in some cases cell seeding scaffolds 

improved osteochondral healing (Jiang et al., 2007, Schagemann et al., 2009), yet it had 

no effect in other studies (Niederauer et al., 2000, Kon et al., 2009). In essence, there 

are many reported preclinical studies, nonetheless, only a few have been approved for 

clinical applications. For example, the bilayer porous PLGA-calcium-sulfate 

biopolymer (TruFit, Smith &Nephew), and GelrinC a biodegradable hydrogel that have 

recently been approved by the EU. To be brief, preclinical results appear to be 

promising, but, there is not enough clinical evidence, and most of the results appear to 

be controversial.  

There are also non-surgical treatments available, but most of these treatments are 

symptomatic, and are only suitable for moderate or mild defects (Bobic, 2013). 

Normally, patients with cartilage damage are advised to lose weight and exercise 

regularly avoiding repetitive impact activities like running or jumping on tarmac. Other 

symptomatic treatments include pain killers, such as nonsteroidal anti-inflammatory 

drugs (NSAID), which have been reported to cause bleeding and gastric ulcers 

(Wallace, 2000, Soll et al., 1991). For this reason, COX-2 inhibitors (Celebrex) have 

been introduced, pain killers that are more effective, and cause less gastric ulcers 
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(William, 2013). Alternatively, chondroprotective agents like glucosamine and 

chondroitin sulfate can be used. Glucosamine sulphate is thought to help with cartilage 

formation and repair by encouraging chondrocyte secretion of proteoglycans and 

collagen type II (Hyde, 2005). Besides being the most abundant glycosaminoglycan in 

articular cartilage (Bobic, 2013),  chondroitin sulfate is thought to have anti-

inflammatory effects (Kantor et al., 2013), inhibit degradative enzymes, and reduce 

fibrin thrombi in peri-articular microvasculature (Christopher, 2011).  However, pain 

has not been reduced in some cases (Hyde, 2005), and shockingly glucosamine and 

chondroitin sulfate may cause acute liver injury mimicking autoimmune hepatitis (von 

Felden et al., 2013). Therefore, there is a need for an effective treatment for cartilage 

damage, with minimal side effects, that will help restore the normal joint function, 

while reducing inflammation and pain. 

1.5. Cannabinoids and their anti-inflammatory effects 

According to the World Health Organization (WHO) plant based medicines are used by 

nearly 75-80% of the world’s population.  Currently it is estimated that there is at least 

120 plant derived distinct chemical substances used in medicines (Tepper, 2013). Many 

of these substances mimic the body’s natural molecules to modulate natural pathways. 

Similarly, cannabinoids extracted from cannabis (phytocannabinoids) mimic 

cannabinoids that are naturally produced in the body (endocannabinoids). These extracts 

were used in drugs to relieve pain associated with millennia (Kogan and Mechoulam, 

2007). However, the use of marijuana in medicines was banned in most countries in the 

1930s, due to their concern over the dangers of drug abuse. Nowadays, they are used in 
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a restricted manner to treat many diseases (Kogan and Mechoulam, 2007), and their 

therapeutic potential has been investigated. 

The term cannabinoid strictly speaking refers to compounds that can activate either the 

cannabinoid receptor 1 (CB1), cannabinoid receptor 2 (CB2) or both. Primarily, 

CB1 receptors are found in the brain, specifically in the limbic system and in the basal 

ganglia, including the hippocampus (Moldrich and Wenger, 2000, Pacher et al., 2006). 

Thus, they appear to be responsible for the euphoric and anticonvulsive effects of 

cannabis (Kogan and Mechoulam, 2007). Nonetheless, CB1 agonists have been shown 

to have anti-inflammatory effects (de Lago et al., 2012). On the other hand, 

CB2 receptors were thought to be mainly located in the immune system, immune-

derived cells, and in the periphery (Onaivi et al., 2006). Therefore, it is not surprising 

for their antagonists to have anti-inflammatory effects (Conti et al., 2002). Though, their 

expression in neuronal, glial and endothelial cells in the brain has been demonstrated 

(Onaivi et al., 2012). The anti-inflammatory effects of cannabinoids involves the 

production of eicosanoids that promote the resolution of inflammation (Burstein and 

Zurier, 2009). As a result, they are different from cyclooxygenase-2 (COX-2) inhibitors, 

which suppress syntheses of eicosanoids that promote inflammation induction (Kozela 

et al., 2010).  Additionally, an immunosuppressive effect has been identified for 

agonists of both receptors (Klein, 2005) via promoting cell death (Rieder et al., 2009). 

 

1.5.1. Cannabinoids classes 

There are 3 main classes of cannabinoids: endocannabinoids, phytocannabinoids and 

synthetic cannabinoids. 
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1.5.1.1. Endocannabinoids  

The natural endocannabinoid system is made up of 6 intercellular lipid messengers or 

signalling molecules that are released from one cell to activate the cannabinoid 

receptors present on other nearby cells, which include:  

Arachidonoylethanolamine (Anandamide or AEA)  

AEA is an endogenous cannabinoid neurotransmitter that binds to both CB1 and with 

lower affinity to CB2 receptors (Grotenhermen, 2005). It is found in most types of 

tissue in humans, a wide range of animals (Martin et al., 1999) and plants, including 

minor volumes in chocolate (Tomaso et al., 1996), which explains the pleasure that 

some of us get by eating chocolate. Furthermore, it has been shown to possess anti-

inflammatory and orexigenic (appetite stimulant) properties (Akimoto and Miyasaka, 

2010).  For those reasons, targeting CB1 receptors with their agonists and antagonists 

may reduce inflammation and obesity respectively, which are 2 major problems 

associated with arthritis. 

2-arachidonoyl glycerol (2-AG)  

Unlike AEA, 2-AG has a similar affinity to CB1 and CB2 receptors (Grotenhermen, 

2005) with an agonist effect. Moreover, it exists at an expressively higher concentration 

in the brain (Stella et al., 1997). Accordingly, some studies suggest that 2-AG is 

responsible at a greater extent rather than AEA for endocannabinoid signalling in vivo 

(Pacher et al., 2006). 
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2-arachidonyl glyceryl ether (noladin ether)  

This endocannabinoid binds to CB1 receptor with higher affinity than CB2 receptor 

(Grotenhermen, 2005). It was isolated in 2001 from porcine brain (Hanus et al., 2001); 

however, another group failed to detect the substance at recognizable amounts in brains 

of different mammalian species (Oka et al., 2003). Hence, whether it is an 

endocannabinoid or not remains controversial.  

N-arachidonoyl-dopamine (NADA) 

Similarly, NADA is an endocannabinoid which has a higher affinity to CB1 receptors 

compared to CB2 receptors (Bisogno et al., 2000). It also activates the transient receptor 

potential V1 (TRPV1) ion channel with a half maximal effective concentration (EC50) 

of approximately of 50nM (Huang et al., 2002). 

Virodhamine (OAE)  

It differs from the rest of the endocannabinoids, where it has a full agonist and partial 

agonist properties at CB2 and CB1 respectively; yet, it behaves as a CB1 antagonist in 

vivo (Porter et al., 2002). What is more, it is mainly concentrated in the periphery and 

not the brain, unlike AEA (Porter et al., 2002). 

Lysophosphatidylinositol (LPI) 

It is a recently discovered endogenous ligand to the novel G protein-coupled receptor 

(GPR) 55 that is expressed in the brain (Pineiro and Falasca, 2012, Sylantyev et al., 

2013). GPR55 plays a role in motor coordination, but does not strongly regulate CNS 

development, gross motor movement or several types of learned behaviour (Wu et al., 

2013).  
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1.5.1.2. Phytocannabinoids  

They are natural cannabinoids or herbal cannabinoids, which occur naturally in the 

cannabis plant such as tetraahydrocannabinol and cannabidiol. There are at least 85 

cannabinoids that have been isolated from the cannabis plant (Tepper, 2013), where all 

the classes are derived from cannabigerol-type compounds (Pertwee, 2010). The most 

prevalent phytocannabinoids are tetrahydrocannabinol (THC), cannabidiol (CBD), and 

cannabinol (CBN). Anandamide is about as potent as THC at the CB1 receptor 

(Grotenhermen, 2005). 

Tetrahydrocannabinol (THC)  

THC is the primary psychoactive component of the plant. It appears to ease moderate 

pain, reduce neuroinflammation, antidepressant and neuroprotective by promoting 

neurogenesis (Campbell et al., 2009, Jiang et al., 2005). On the other hand, it has almost 

indistinguishable affinity for the CB1 and CB2 receptors (Huffman, 2000); yet, its 

effects are perceived to be more cerebral. ''Delta''9-Tetrahydrocannabinol (Δ9-THC, or 

THC) and ''delta''-8-tetrahydrocannabinol (Δ8-THC), mimic the action of anandamide 

with the same potency to CB1 receptors (Grotenhermen, 2005) resulting the ''high 

feeling'' associated with cannabis (Adams and Martin, 1996). 

Cannabidiol (CBD) 

CBD is the non-psychoactive part of the cannabis. Although CBD has a greater affinity 

for CB2 receptor over CB1 receptor, it has little affinity for both receptors (Mechoulam 

et al., 2007). It was assumed to have no effect on psychoactivity (Ilan et al., 2005), but 

conversely, it has been recently shown to have antipsychotic effects reducing  

schizophrenia-like indicators  in smokers of cannabis with a greater CBD/THC 
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proportion (Morgan and Curran, 2008). Accordingly, a study suggests the potential use 

of CBD to treat schizophrenia (Leweke et al., 2012). Other potentials include its 

capability to relieve convulsion, inflammation, anxiety, and nausea (Mechoulam et al., 

2007). Moreover, it has antidepressant (Zanelati et al., 2010), anxiolytic (Campos and 

Guimaraes, 2008), and neuroprotective (Hayakawa et al., 2007) effects. Finally, besides 

showing great potentials for breast cancer treatment (Ligresti et al., 2006), CBD appears 

to exert anti-inflammatory activity by suppressing fatty acid amidohydrolase (FAAH) 

activity, thereby increasing concentrations of the anti-inflammatory endocannabinoid 

anandamide (Burstein and Zurier, 2009) 

Cannabinol (CBN)  

CBN results from THC degradation, hence, it is rarely present in fresh plant. Unlike 

THC, it is only slightly psychoactive and has higher affinity to CB2 receptors 

(Mahadevan et al., 2000). 

1.5.1.3. Synthetic cannabinoids 

Synthetic cannabinoids are particularly useful in laboratory-based pre-clinical 

experiments to determine the relationship between the structure and activity of 

cannabinoid compounds by making systematic, incremental modifications of 

cannabinoid molecules. There are many types of synthetic analogs of cannabinoids but 

the most two used are ajulemic acid and nabilone (Ambrosio et al., 2007).  
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Ajulemic acid (AjA) 

A synthetic analogue of THC-11-oic acid, a metabolite of tetrahydrocannabinol (THC), 

which has potent analgesic and anti-inflammatory activity in vivo, but with an 

advantage of being non psychoactive like THC (Ambrosio et al., 2007). 

Nabilone  

It is used to treat nausea and vomiting caused by cancer treatment, by patients who do 

not respond to other medicines (Ambrosio et al., 2007). 

1.5.2. Cannabinoid OA applications 
 

The anti-inflammatory effects of cannabinoids have made them an attractive option for 

the resolution of the inflammation factors associated with OA, thus minimizing the 

degradation in cartilage matrix caused by OA.  

For instance, a study was carried out by Sumariwalla et al. (2004) to examine the effects 

of the synthetic nonpsychoactive cannabinoid acid (HU-320) on arthritic mice. 

Moreover, HU-320 immunosuppressive and anti-inflammatory effects on macrophages 

and lymphocytes were investigated in vitro. Initially, mice were immunized with bovine 

collagen type II to induce arthritis and then injected intraperitoneally daily with HU-

320. The effect of this treatment on arthritic feet was evaluated clinically and 

histologically. Furthermore, the effect of HU-320 on the polyclonal mitogenic 

stimulation, production of tumor necrosis factor α (TNF α) and the reactive oxygen 

intermediates (ROIs) was investigated. It was found that hind foot joints of treated mice 

were protected from pathological damage, while showing no adverse psychotropic 

effects. Additionally, in vitro, HU-320 inhibited the production of TNF α from 
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macrophages, ROIs from RAW 264.7 cells (mouse leukemic monocyte macrophage cell 

line) and down modulated the collagen type II specific and polyclonal responses of 

murine and human lymphocytes (Sumariwalla et al., 2004).  

Essentially, TNF modulates the immune response by increasing the production of 

monocytes and macrophages, which aid inflammation (Philip and Epstein, 1986, 

Talmadge et al., 1988). In addition to that, inhibition of TNF reduced knee joint 

swelling, inflammatory infiltrates as well as proteoglycan loss from cartilage by 90% 

(Urech et al., 2010). Thus, the inhibition of the production of TNF will have an 

advantage of reducing the catabolic state of articular cartilage. 

Although HU-320 has strong anti-inflammatory and immunosuppressive properties with 

the advantage of no psychoactive effects (Sumariwalla et al., 2004), most OA patients 

are elderly. Consequently, patients using it could be greatly susceptible to many 

diseases, due to their vulnerability and their supressed immune system. However, it 

must be noticed that in order to start the repair process the inflammation must be ended, 

therefore, suppressing the immune system might be essential to eliminate the effects of 

inflammation. On the other hand, part of the experiments was carried in vitro, hence 

macrophages and lymphocytes were under different condition to the natural ones. 

Primarily, in vivo, there will be other types of cells like blood cells and platelets, which 

may affect the results obtained, hence, further investigation is needed. 

Matrix metalloproteinases (MMP) is one of the other factors associated with OA. Its 

production in patient’s arthritic joint tissue facilitates cartilage degradation and bone 

erosion, and leads to joint deformities and crippling (Ambrosio et al., 2007).  

For instance, MMP-9 was shown to be expressed (92 kD gelatinase) in the articular 

cartilage of osteoarthritic patient’s causing progressive cartilage degradation (Mohtai et 
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al., 1993). Furthermore, elevated serum levels of MMP-9 are associated with a high risk 

for coronary artery events (Ferroni et al., 2003). Likewise, MMP-1 is detected in the 

synovium shortly after the onset of the inflammatory arthritis symptoms and in the 

bone-implant interface of failed prosthetic joints (Cunnane et al., 1999).  

Among the several MMPs, stromelysin-1 (MMP-3) has the broadest substrate 

specificity, and it can also activate other MMPs. Normally, MMP-3 is not expressed to 

an appreciable extent, but it is induced by cytokines, including IL-1 and TNFα (Nagase 

and Woessner, 1999). For those reasons, MMPs are important targets for agents 

designed to treat inflammatory arthritis. 

In a study carried out by Johnson et al. (2007) the influence of ajulemic acid (AjA) on 

MMP production in human fibroblast-like synovial cells (FLS), and the role of 

peroxisome proliferator-activated receptor gamma (PPARγ) were examined. At the 

beginning, two groups of FLS were created. The first group was treated with a PPARγ 

antagonist (PPAR+/-), to block its effect on inflammation, and the second group (PPAR-/-

) was used as control. Both groups were treated with AjA then stimulated with TNFα or 

IL-1α. The release of MMPs-1, 3, and 9 was measured by ELISA. Then the influence of 

AjA on the release of MMP-3 from (PPAR+/-) and (PPAR-/-) mouse embryonic 

fibroblasts (MEF) was examined.  

The results of the study showed that AjA suprpresses MMPs induced by TNFα or IL-1α 

independently to PPARγ (Johnson et al., 2007). These results were contradicted 

elsewhere. One of which, showed that oral administration of ajulemic acid (AjA) 

prevented the tissue injury of rats with adjuvant arthritis. It was thought that AjA does 

that by binding to and activating peroxisome proliferator-activated receptor γ (PPARγ) 

(Ambrosio et al., 2007). Although the two studies provided opposing findings, the 
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experimental conditions were substantially different, since one study was carried in vivo 

and the other in vitro. Primarily, the results of these studies, suggests that AjA can be 

used to reduce cartilage degradation and its catabolic effects.  

 

 

 

Figure 1. 14  AjA effect on MMPs induced by TNFα or IL-1α (Johnson et al., 2007). 

 

Pain is another factor that cannot be neglected with OA patients, and endogenous 

cannabinoids play an important role in modulating pain (Meng et al., 1998). Hence, 

other classes of cannabinoids should play a similar role in pain modulation. According 

to a study, the effectiveness of synthetic CB1 and CB2 receptor agonists was similar to 

the effectiveness of morphine in a murine tumour pain model (Khasabova et al., 2011).  

In conclusion, cannabinoids have huge potential to treat arthritis, and relieve many of its 

symptomatic effects.  
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1.6. Aims and objectives 
 

The aims of this thesis were to address the following null hypothesis: 

Although cannabinoids have anti-inflammatory (Burstein and Zurier, 2009), 

immunosuppressive (Klein, 2005) and analgesic (Khasabova et al., 2011) properties, 

they do not affect the rate of wound closure or cell proliferation of chondrocyte 

monolayers. They are more likely to reduce cell migration and cell proliferation via 

reducing fibronectin expression and increase chondrocytes dedifferentiation, which can 

be marked by an increase in collagen type I expression, and a reduction in collagen type 

II and S100 secretion. Cannabinoid receptors 2 (CB2 receptors) have been located in the 

immune system, immune-derived cells, (Onaivi et al., 2006), and chondrocytes 

(Mbvundula et al., 2006). Hence, cannabinoids effect on chondrocyte monolayers 

should be CB2 mediated.  

Specific aims were as follows: 

1. To study the behaviour of cultured primary chondrocyte monolayers in response to 

treatment with the non-specific WIN55, 212-2, CB2 agonist HU-308 and CB1 

agonist URB602 synthetic cannabinoids. Variations in wound closure rate, cell 

proliferation and cell size were examined using a phase contrast microscope. 

2. To determine whether the effects of these cannabinoids were cannabinoid receptor 

mediated by blocking the CB2 receptors with AM-630 (CB2 antagonist) and the CB1 

receptors with LY-320,135 (CB1 antagonist) and further investigating chondrocytes 

response to WIN55, 212-2, HU-308 and URB602 treatments. 

3. To examine the influence of treating chondrocytes with WIN-2 in terms of collagen 

type I, collagen type II, fibronectin and S100 expression using immunofluorescence 
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staining, and verifying the findings quantitatively using ELISA based 

immunoperoxidase staining assays .  

4. To investigate the effect of WIN-2 on the levels of matrix metaloprotienase-2 

(MMP2), and nitric oxide (NO) expressed using ELISA based techniques.  

5. Achieving a better understanding of how WIN-2 may alter chondrocytes protein 

expressions in vivo, by measuring the levels of collagen type I and type II, 

fibronectin and S100 expressed by chondrocytes in a pseudo 3D model using the 

immunoperoxidase staining assay.  
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2.1. Introduction 

A completely healthy and functional articular cartilage is required for protecting bone 

from weight-bearing forces several times of the body weight. Despite the high risks 

facing cartilage, chondrocytes appear to be unable to recover damaged cartilage. The 

majority of the body cells are able to migrate, nonetheless, chondrocytes appear to be 

less motile (Schubert et al., 2009). This reduced ability to migrate for a notable distance 

into the neighbouring tissue, prevents them from forming a functional bridging matrix 

(Chang et al., 2003), which may reduce its ability to aid in cartilage repair. Cell 

migration is a highly complex procedure that involves directed movements aided by the 

attachment of body projections (lamellipodia), cell body contraction and detachment of 

the tail to allow forward motion (Chang et al., 2003). Surely, cell movement is required 

for it to contribute in various normal and pathological functions, such as tissue 

regeneration during connective tissue repair, embryogenesis, cancer cells metastasis and 

neoplastic invasion (Comoglio and Trusolino, 2002, Lauffenburger and Horwitz, 1996). 

Therefore, analysing cell migration and proliferation, is crucial for tissue engineering. 

Despite the potential physiological and clinical importance of chondrocyte motility, it 

has not been examined thoroughly. 

Chondrocytes appeared to constitutively express cannabinoid receptors CB1 and CB2 

(Mbvundula et al., 2006). Both cannabinoid receptors are coupled to heterotrimeric Gi/o 

proteins and activate the mitogen-activated protein kinases (MAPK) extracellular signal 

regulated kinase (ERK)1/2 and p38 as well as the Akt/PKB survival pathway (Guzman 

et al., 2002, Piomelli, 2003). Thus, activation of the cannabinoid receptors would be 

expected to increase cell proliferation and migration. 



39 
 

 WIN55,212-2 is a synthetic non-selective CB1/CB2 receptor agonist that has been 

shown to exert an anti-inflammatory effect on rheumatoid fibroblast-like synoviocytes 

(Selvi et al., 2008). It has also been shown to have analgesic effects in rat models 

(Herzberg et al., 1997, Ahmed et al., 2010). Furthermore, WIN-2 (WIN55,212-2) 

considerably inhibited NO production in chondrocytes at 1-10μM concentrations 

(Mbvundula et al., 2005). Hence, its effect on chondrocytes monolayer wound healing 

was evaluated at 1μM and 500nM during this work.   To determine whether its effect 

was CB2 receptor mediated, the effect of the CB2 antagonist AM-630 on WIN-2 was 

also investigated, in this work. 

On the other hand, HU-308 is a CB2 receptor agonist that has anti-inflammatory effects 

(Hanus et al., 1999). It has been proven to have analgesic effects (LaBuda et al., 2005), 

increase proliferation of neural stem cells (Palazuelos et al., 2006) and TNF-α inhibitory 

effects (Rajesh et al., 2007). Also, it has a very low affinity to CB1 receptors (LaBuda 

et al., 2005) making it an attractive option for treating arthritis. This therapeutic 

potential may be verified by determining its effects on chondrocytes motility and 

proliferation which were investigated during this work. 

URB602 has the ability to block monoacylglycerol lipase (MGL), this ability prevents 

the inactivation of the endocannabinoid 2-arachidonoyl glycerol (2-AG) by MGL 

(Muccioli et al., 2007). Thus, its use will increase the effect of 2-AG, which is a full 

CB1 cannabinoid receptor agonist (Freund et al., 2003); so, URB602 must have 

analgesic effects. Obviously, this is a highly required property for cartilage degradation 

treatments. Since HU-308 and URB602 are CB2 and CB1 agonists, respectively, there 

is a high possibility that their actions on chondrocytes are going to be CB2 and CB1 

mediated. This can be confirmed by blocking CB2 and CB1 with their antagonists AM-
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630 and LY-320,135, respectively, and therefore further investigation on the effects of 

HU-308 and URB602 on chondrocytes, were also carried out in the present studies.  

 

2.2. Aims and objectives 
 

The aim of this research is to identify the effect of the synthetic non-specific WIN55, 

212-2, CB1 agonist URB602 and CB2 receptor agonists HU-308 on wound healing of 

chondrocyte monolayers and determine how their effect can be changed by using the 

synthetic CB1 (LY-320,135) and CB2 (AM-630) antagonists. The results obtained from 

these experiments will then be used to find the type of cannabinoid and its optimum 

concentration, which will give the highest rate of wound closure.  

Other cellular responses such as cell behaviour, proliferation and morphology at 

different stages of wound healing have also been investigated. 

 

2.3. Materials and Methods 

2.3.1. Chondrocyte isolation and cell culture 
 

Sprague-Dawley rats (3-6 days old) were sacrificed by cervical dislocation, in 

accordance with EU guidelines (86/609/EEC), and used as the source of cartilage cells 

(chondrocytes). The hind legs were then dislocated just under the hip joint using a 

sterile scalpel inside a flow hood. After that, the legs were sterilised by submerging in 

70% alcohol for 2 minutes. After removing the skin from the isolated legs, they were 
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washed in Hank’s based salt solution (HBSS; SIGMA- ALDRICH, UK) to remove 

excess blood, which may contaminate the culture media. This was followed by the 

removal of muscles and tendons around the knee joint using scalpel and forceps. The 

patella and the patella tendons were also removed to reduce the risk of having tenocytes 

in the culture. The following stage of cartilage extraction was the isolation of the 

epiphyses from both the femur and tibia. Extra care was taken to make sure that only 

cartilage tissue was extracted by pressing and not cutting with the back of the scalpel on 

the gap between the epiphysis and subchondoral bone. Finally, extracted cartilage was 

immersed in HBSS to remove blood residues, and to keep cartilage tissue moist, while 

other pieces were extracted.  

Chondrocytes were isolated from the epiphyses by using 2 main stages of enzymatic 

digestion. In the first stage, the epiphyseal planes were immersed in 3ml of Trypsin 

solution (5.0 g/l porcine trypsin and 2.0 g/l EDTA•4Na in 0.9% sodium chloride, 10X) 

(SIGMA- ALDRICH, UK) at 37ºC, while stirring the combination using a magnetic 

stirrer for 15 minutes. After 15 minutes, the supernatant was removed and mixed in a 

50ml sterile tube with 3ml of isolation media. The isolation media consisted of high 

glucose (4500mg/l glucose) Dulbecco’s modified eagle medium and Ham’s F12 

(DMEM/Ham’s F12, 1:1; PromoCell, UK ) without L-Glutamine and supplemented 

with 10% FBS, 1% L-Glutamine,1% Ascorbic acid,  2% penicillin-streptomycin and 

1% Fungizone (SIGMA- ALDRICH, UK). The first step of this stage was repeated with 

the remaining cartilage tissue. This procedure was repeated in total 3 times.  

Likewise, in the second stage, the remaining tissue was immersed in 2 ml collagenase 

solution (1mg/ml) (SIGMA-ALDRICH, UK) at 37ºC for crude enzymatic digestion and 

stirred using a magnetic stirrer for 1 hour. After this the supernatant was removed and 
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placed with the cells isolated from the previous enzymatic digestion in two 15 ml sterile 

centrifuge tubes and centrifuged at 1300rpm at room temperature for 5 minutes. The 

isolation media was then removed from the centrifuge tube and 6ml of culture media 

(DMEM/Hams’F12 supplemented with 10% fetal bovine serum (FBS), 1% L-

Glutamine, 1%Ascorbic acid, 1% penicillin-streptomycin and 0.2% Fungizone) was 

added to the chondrocytes pellet. Subsequently, the chondrocytes suspension was 

passed through a 40 μm cell strainer (SIGMA-ALDRICH, UK) into a sterile petri dish 

to remove any tissue debris remaining in the culture media to reduce the risk of 

contamination. 

The supernatant was split between two T75 culture flasks (2.6x104 cells/cm2) and 12ml 

of culture media was added to each flask and incubated in a humidified atmosphere 

(95% air and 5% CO2) at 37ºC. The culture media was replaced after 24 hours to 

remove the non-adherent cells. Cells were passaged upon reaching 80-90% confluency 

to a maximum of 3 passages. This level of confluency was achieved after about 14 days 

for the zero passage and 7 days for the following passages, during which the media was 

replaced every 3-4 days. 

 

2.3.2. Preparation of the WIN55, 212-2 solution 
 

WIN55, 212-2 (WIN-2) (SIGMA- ALDRICH, UK) was dissolved in absolute ethanol to 

produce 3 concentrations of WIN-2: 2μM, 1μM and 500nM. The stock solutions were 

prepared by dissolving 2.09mg of WIN-2 (molecular weight = 522.61 g/mol) in 2ml of 

absolute ethanol to give a concentration of 2mM. After that 1ml of this solution was 

divided into two halves. The first half was mixed with 0.5 ml of absolute ethanol to give 
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a concentration of 1mM and the other half was mixed with 1.5 ml of absolute ethanol to 

achieve a concentration of 500μM. The 2μM, 1μM and 500nM final concentrations 

were achieved by adding 5μl of 2mM, 1mM and 500μM WIN-2 solutions, respectively, 

in 5ml of culture media. 

 

2.3.3. Preparation of the URB602 solution 
 

URB602 (SIGMA- ALDRICH, UK) was also dissolved in absolute ethanol to produce 2 

concentrations of URB602: 2μM and 1μM. The stock solutions were prepared by 

dissolving 1.18mg of URB602 (molecular weight = 295.38 g/mol) in 2ml of absolute 

ethanol to give a concentration of 2mM. After that 0.5ml of this solution was mixed 

with 0.5 ml of absolute ethanol to give a concentration of 1mM. The 2μM, 1μM and 

final concentrations were achieved by adding 5μl of 2mM and 1mM URB602 solutions, 

respectively, in 5ml of culture media. 

 

2.3.4. Preparation of the HU-308 solution 
 

Similarly, HU-308 (Tocris Bioscience, UK) was dissolved in absolute ethanol (0.1% 

final concentration) to produce 3 concentrations of HU-308: 2μM, 1μM and 500nM. 

The stock solutions were prepared by dissolving 1.66mg of HU-308 (molecular weight 

= 414.62 g/mol) in 2ml of absolute ethanol to give a concentration of 2mM. This was 

followed by dividing 1ml of this solution into two halves the first half was mixed with 

0.5 ml of absolute ethanol to give a concentration of 1mM and the other half was mixed 

with 1.5 ml of absolute ethanol achieve a concentration of 500μM. The 2μM, 1μM and 
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500nM final concentrations were achieved by adding 5μl of 2mM, 1mM and 500μM 

HU-308 solutions, respectively, in 5ml of culture media. 

 

2.3.5. Preparation of the LY-320,135 solution 
 

Only 500nM final concentration of LY-320,135 (SIGMA- ALDRICH, UK) was used. 

This was prepared by dissolving 0.1917 mg of LY-320,135 (molecular weight = 383.4 

g/mol) in 1ml of absolute ethanol to give a concentration of 500μM. The 500nM final 

concentration was achieved by adding 5μl of the 500μM LY-320,135 in 5ml of culture 

media. 

 

2.3.6. Preparation of the AM-630 solution 
 

Similarly, only 500nM final concentration of AM-630 (Tocris Bioscience, UK) was 

used. This was prepared by dissolving 0.25 mg of AM-630 (molecular weight = 504.37 

g/mol) in 1ml of absolute ethanol to give a concentration of 500μM. The 500nM final 

concentration was achieved by adding 5μl of the 500μM AM-630 in 5ml of culture 

media. 
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2.3.7. Scratch Assay Technique 
 

Chondrocytes from the third passage were cultured to full confluency in T25 culture 

flasks. After removing culture media from the flasks, a scratch was made using the tip 

of a 1ml sterile transfer pipette, to reach a wound width of ~370μm ±30μm. New 

culture media (5ml) was added to the flasks and then each flask was treated with 5μl of 

the WIN-2, HU-308 and URB602 solutions to compare and investigate their effects on 

the rate of wound closure. 

The effect of each cannabinoid was tested by treating the chondrocytes monolayer with 

different concentrations of each cannabinoid. The rates of wound closure for all the 

cannabinoid treated chondrocytes were compared with the rates of wound closure for 

chondrocytes treated with 5μl of absolute ethanol in 5ml of culture media (-ve control) 

and untreated chondrocytes (control). Furthermore, the effects of the concentrations that 

gave the highest rates of wound closure for the 3 cannabinoids were further investigated 

by testing their effects on chondrocyte monolayers wound closure with and without 

antagonists. Finally, the treatments that promoted the fastest wound closure for each 

cannabinoid were compared to elect the best treatment for accelerating the rate of 

wound closure for chondrocyte monolayers.  

 

WIN55, 212-2 effect on wound closure 

The rate of wound closure was compared between 4 different treatments: control, 

negative control, chondrocytes treated with 1μM and 500nM final concentrations of 

WIN-2, by preparing 3 flasks for each treatment (n=3). Each wounded flask was 
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monitored and imaged at 3 different regions every 2 hours over a period of 16 hours by 

a phase contrast microscope at x100 magnification. 

ImageJ software was used for imaging and measuring the width of the scratch at 

different regions. For each region 10 readings were recorded and the 90 readings 

produced from 9 different regions were averaged for each flask and then used to 

determine the rate of wound closure for the 4 different treatments, i.e. control, ethanol 

(0.1%), 500nM and 1μM WIN-2. 

The concentration that gave the highest wound closure rate was further investigated by 

comparing its results with the results of other cannabinoids. Additionally, CB2 

antagonist AM-630 was used at a final concentration of 500nM and the rate of wound 

closure was also investigated. 

 

HU-308 effect on wound closure 

Similarly, 5 different groups were compared: control, -ve control and 3 final 

concentrations of HU-308 (500nM, 1μM and 2μM) (n=3). The final concentration that 

gave the highest wound closure was compared with the best results produced by other 

cannabinoids. Also the rate of wound closure of chondrocytes monolayer treated with 

this concentration and the CB2 antagonist AM-630 at a final concentration of 500nM 

was also monitored and recorded.  
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URB602 effect on wound closure 

The same procedure was carried out to compare the rates of wound closure for 5 

different treatments: control, negative control, final concentrations of 1μM, 2μM and 

1μM URB602 and with 500nM of the CB1 antagonist LY-320,135 (n=3). The 

concentration that provided the fastest wound closure rate was compared with the fastest 

rates produced by other cannabinoids. 

2.3.8. The effect of cannabinoid concentrations, on wound closure 
 

The highest wound closure rates caused by the different synthetic cannabinoids were all 

compared statistically (described in section 2.3.11) in order to elect the treatment that 

could be used to produce a significant increase in the rate of chondrocyte monolayer 

wound closure. 

 

2.3.9. Proliferation Assay 
 

The effect of the different synthetic cannabinoids on the proliferation rate of 

chondrocytes was assessed by seeding chondrocytes in 21 T25 culture flasks at an initial 

density of 2.6x104 cells/cm2, i.e. 65x104 cells in each of the T25 culture flask (n=3). The 

synthetic cannabinoid that promoted the fasted wound closure out of the three 

cannabinoids was tested at three different combinations. These treatments were 1μM, 

2μM, and 2μM plus 500nM of the CB2 antagonist AM-630. The two remaining 

cannabinoids were tested at the concentrations that gave the highest wound closure rates 

in the scratch essay.  Three of the remaining flasks were used as control (untreated) and 

the remainder as negative control (treated with 5μl of ethanol in 5ml media). After all 
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the flasks were prepared, the cells were incubated in a humidified atmosphere (95% air 

and 5% CO2) at 37ºC for 72 hours. After 72 hours the cells were monitored under a 

phase contrast microscope at x100 magnification, and their images were stored for 

further analysis. Next, the cells were washed two times with HBSS, and then 1ml of 

Trypsin was added to each culture flask and the cells were incubated in humidified 

atmosphere (95% air and 5% CO2) at 37ºC for 3minutes. After that, cells were 

monitored under the phase contrast microscope at x100 magnification to make sure that 

all the cells had detached. Then 1ml of culture media was added to each flask to stop the 

effect of trypsin. Cells were counted five times per flask using a haemocytometer and 

the average of the five readings was calculated. Proliferation factors for each flask were 

determined by dividing the averages of the cells counted by the initial seeding density. 

The averages of the three proliferation factors for each treatment were calculated and 

used to plot a graph showing the effects of the different synthetic cannabinoids on 

chondrocytes monolayers proliferation. 

 

2.3.10. Cell length measurements 
 

ImageJ software was used to analyse images obtained from the proliferation assay, 

before trypsinization. In order to determine the effect of cannabinoids on chondrocyte 

morphology, the distance between the 2 furthest points in cells were measured. For each 

flask the lengths of 20 randomly selected cells were measured, thus 60 measurements of 

cell length per treatment were acquired. These measurements per treatment were 

averaged and normalised by dividing by the average of the readings recorded for control 
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groups. Normalised numbers were then compared statistically for further analysis and 

understanding of chondrocyte’s morphological changes. 

 

2.3.11. Statistical analysis 
 

SPSS 11.5 was used for statistical analysis of the normalised results of the 90 

chondrocyte monolayers wound widths measured every 2 hours over the 16 hours 

monitoring time for the following treatments: control, negative control, WIN-2 at a final 

concentration of 1μM, URB602 at a final concentration of 1μM and HU-308 at a final 

concentration of 500nM. 

At the beginning SPSS was used to calculate the average of the 30 readings measured, 

and the standard deviation for each case was calculated to validate the consistency of 

the results. For each 2 hour, the Kruskal-Wallis test was carried out to determine if there 

was any significant difference between the wound closure percentages for the 5 

different treatments. If the P value was smaller than 0.05, this meant that there is 

significant difference between the 5 different values at this hour, otherwise there is no 

significant difference. If the Kruskal-Wallis test showed that there is significance 

between the results of the 5 treatments, Mann-Whitney test was carried out between 

each pair of the five treatments to determine how strong the significant difference was 

between each pair.  

Similarly, SPSS was used for the statistical analysis of the data obtained from the 

proliferation assay and the cell length measurement assay. It was used for the 

calculation of averages and the standard deviation for the 7 different treatments. 
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Furthermore, Kruskal-Wallis test was carried out on the results recorded from both tests 

to determine whether there was any significant difference between different treatments. 

If this was the case, Mann-Whitney test was carried out to determine how strong the 

significant difference was between pairs in each of the two tests.  

2.4. Results 
 

2.4.1. Scratch assay 

 

By comparing different treatments, there was not a significant difference in the wound 

widths for different treatments at the beginning of the experiments (P = 1). By 2 hours, 

chondrocytes at the wound edge started to elongate towards the centre of the wound 

most likely producing lamellipodias (cell membrane projections), to get prepared for 

migration, while other chondrocytes maintained their round shape behind the leader 

cells and minimal variations in the wound size were detected. After 4 hours, a large 

number of the elongated cells had migrated towards the centre of the wound to form 

bridges at the wound site. This introduced a clearer difference in the wound widths. The 

number of elongated cells increased after 4 hours at the wound site due to cell 

proliferation and migration leading to a reduction in the wound gaps. More of the leader 

cells started to form bridges at the wound site. Nonetheless, the bridges were formed at 

different times depending on the treatment used.  Bridges were observed between the 

elongated cells at the wound sites after 10 hours for the -ve control treatment. In 

contrast, no bridges were detected for control, even after 10 hours, where a more 

elongated fibroblastic morphology was observed.  
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The wound closure rate of untreated chondrocyte monolayers (control treatment) was 

~5.89%/h, and the wound did not fully close, even after 16 hours (Figures 2.1 and 2.2). 

In comparison, chondrocytes treated with ethanol healed with minor gaps at a final 

concentration of 0.1% ethanol after 16 hours with a significantly higher rate of 

~6.89%/h (P<0.001) (Figures 2.1 and 2.2). 

2.4.1.1. Effects of WIN55, 212-2 on the rate of wound closure 

 

It can be seen from Figure 2.1 and Table 1.1 that chondrocytes treated with 1μM of 

WIN55, 212-2 were the first to heal after ~ 12 hours with a significantly higher healing 

rate of 8.86%/h, compared to the –ve control and control treatments (P<0.001). This 

was not affected significantly by the addition of the CB2 antagonist AM-630, where the 

rate of wound healing was slightly lower (8.33%/h) (P>0.05). As the healing time 

increased so did cell density at the wound site for these two groups and the morphology 

of the cells started to round up. Reducing WIN-2 final concentration to 500nM reduced 

the healing rate to 7.36%/h, which delayed the healing process by ~2h.  

Despite showing similar morphology to other treatments, chondrocytes treated with 

1μM appeared to remain tightly packed together at the wound site even after 4 hours, 

while chondrocytes treated with other treatments seemed to occupy larger areas. After 8 

hours, chondrocytes treated with the two different concentrations of WIN-2 and WIN-2 

+ AM630 started to form bridges at the wound site whereas other chondrocytes far from 

the wound site realigned themselves to stabilise the cell structure. 
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 Control Ethanol WIN-2 (500nM) WIN-2 (1μM) WIN-2 (1μM) + 
Antagonist 
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Figure 2. 1 Images of the chondrocyte monolayers wound healing for control, ethanol, 500nM WIN-2, 

1μM WIN-2 and 1μM WIN-2 +500nM AM-630 over a period of 16 hours (Scale bar=100μm). 
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Figure 2. 2 Percentage of wound opening for chondrocytes cultured in monolayers 

( ± SD), for control, ethanol, 500nM WIN-2, 1μM WIN-2 and 1μM WIN-2 +500nM 

AM-630 over a period of 16hours (n=3). 

Table 2. 1 Linear trend lines and R2 – values for the Rate of wound healing for 

chondrocytes cultured in monolayer, for control, ethanol, 500nM WIN-2, 1μM WIN-2 

and 1μM WIN-2 +500nM AM-630 for a period of 16hours. 

Treatment Linear trend line R – Squared value 
Control Y =- 5.89X + 100 0.98992 
Ethanol Y= -6.83X + 100 0.959 

WIN-2 (500nM) Y = -7.37X + 100 0.9878 
WIN-2 (1μM) Y = -8.86X + 100 0.9906 
WIN-2 1μM + 

500nM AM-630 
Y = -8.33X + 100 0.9953 
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To be noted is that since R2 are very close to 1, it can therefore be assumed that the 

trendlines representing the actual data plots are an accurate measure and that the 

gradients are a fair representation of the raw data. 

 

2.4.1.2. Effects of HU-308 on the rate of wound closure 

Figures 2.3 and 2.4 and Table 2.2 show that treating chondrocytes with the CB2 agonist 

HU-308 had a considerbaly lower effect on the rate of wound closure compared to 1μM 

of WIN-2 (P<0.001). Unlike  WIN-2, the final concentraion that gave the higest wound 

closure rate was 500nM. This treatement encouraged the wound to fully close after ~16 

hours with a rate of 6.32%/hr. Surprisingly, this is a slighlty lower rate  than the rate of 

wound closure for –ve control (6.83%/hr) (P>0.05). Furthermore, this rate was 

decreased to ~5.00%/hr, by adding it’s antagonist (AM-630) at a final concentraion of 

500nM suggesting that HU-308 may act on chondrocytes via their CB2 receptors. 

Moreover, increasing the concentraion of HU-308 to 1μM decreased the rate of wound 

closure to 5.23%/hr. Likeweise, a further increase in the concentration of HU-308 to 

2μM lead to a further decrease in the rate of wound closure down to 4.19%/hr, which 

was significantly lower than the control treatment (P>0.05).  

Despite improving the rate of wound closure at the 500nM concentration, HU-308 

reduced the rate of wound closure at all the other concentrations.  
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Figure 2. 3 Images of the chondrocyte monolayers wound healing for control, ethanol, 500nM HU-308, 1μM HU-

308, 2μM HU-308  and 500nM HU-308 +500nM AM-630 over a period of 16 hours (Scale bar=100μm). 



56 
 

 

 
Figure 2. 4 Percentage of wound opening for chondrocytes cultured in monolayer 

( ± SD) for control, ethanol, 500nM, 1μM and 2μM HU-308, and 500nM HU-

308+500nM AM-630 for a period of 16hours [ (n=3). 

 

By 8 hours, chondrocytes treated with 500nM HU-308 and control had similar sized 

wound widths (P>0.05) while the gap of chondrocytes treated with 2μM HU-308 

remained considerably greater than the control (P<0.05). This changed after 10 hours 

i.e. cells treated with 500nM started to form bridges and showed a wound width that 

was significantly smaller than control (P<0.05).  
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After 12 hours, chondrocytes treated with 500nM started to migrate in an orderly 

manner along the formed bridges reducing the wound gap. Yet, this wound was still 

significantly larger than chondrocytes treated with ethanol (P<0.001). Although 

chondrocytes treated with 500nM and ethanol healed at the same time, the density of 

cells treated with 500nM appeared to be higher. 

Similarly, the R2 values are very close to 1 which means that the trend lines provide an 

accurate indication of the gradient.  

Table 2. 2 Linear trend line and R2-values for the Rate of the wound healing for 

chondrocytes cultured in monolayer, for control, ethanol, 500nM, 1μM and 2μM HU-

308, and 500nM HU-308+500nM AM-630 for a period of 16hours. 

Treatment Linear trend line R – Squared value 
Control Y =- 5.59X + 100 0.98992 
Ethanol Y= -6.83X + 100 0.959 

HU-308 (500nM) Y = -6.32 + 100 0.9903 
HU-308 (1μM) Y = - 5.23X + 100 0.9967 
HU-308 (2μM) Y = -4.18X + 100 0.9671 

HU-308 (500nM) + 
AM-630 (500nM)  

Y = - 5.00X + 100 0.9828 

 

2.4.1.3. Effects of URB602 on the rate of wound closure 

 

The optimum concentration that gave the highest wound closure rate for URB602 was 

1μM (Figures 2.5 and 2.6 and Table 2.3), i.e. the same as WIN-2. However, the rate of 

wound closure was 6.23%/hr, which was slightly lower than 500nM HU-308 

(6.32%/hr), and clearly lower than 1μM WIN-2.  
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Figure 2. 5 Images of the chondrocyte monolayers wound healing for control, ethanol, 1μM URB602, 

2μM URB602,  and 1μM URB602 +500nM LY-320,135 over a period of 16 hours (Scale bar=100μm). 
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The wounded chondrocyte monolayers treated with 1μM URB602 was fully healed 

after ~16 hours which is significantly better than control treatment (P<0.001). Addition 

of the CB1 antagonist LY-320,135 at a concentration of 500nM to this treatment 

somewhat reduced the speed of wound closure to 6.1%/hr. Surprisingly, by increasing 

the concentration of URB602 to 2μM the rate of wound closure dramatically decreased 

compared to control treatment to 2.38%/hr (P<0.001), and the cells appeared to be 

static, even after 4 hours. 

Unlike cells treated with HU-308 (500nM), chondrocytes treated with 1μM of URB602 

had a similar wound size to the control treatment (P>0.05), after 10 hours. Furthermore, 

a similar elongated morphology was observed for control and chondrocytes treated with 

1μM URB602. However, they still formed bridges at a significantly earlier stage 

compared to control treatments (P<0.01) at ~ 12 hours. This was not changed by the 

addition of the CB1 antagonist LY-320,135. After bridge formation, the wound gap for 

chondrocytes treated with 1μM URB602 (with and without antagonist) rapidly became 

narrower than control. This continued until the wound was fully healed at the same time 

as the negative control, i.e. at 16 hours, but again with a higher cell density. On the 

other hand, chondrocytes treated with 2μM did not from bridges even after 16 hours 

suggesting that this concentration slowed down the migration of the cells, which greatly 

affected proliferation negatively and therefore reduced the rate of wound closure. 
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Figure 2. 6  Percentage of wound opening for chondrocytes cultured in monolayer 

( ± SD) for control, ethanol, 500nM URB602, 1μM URB602 and 1μM URB602 

+500nM LY-320,135 for a period of 16hours (n=3). 

Table 2. 3 Linear trend line and R2-values for the rate of wound healing for 

chondrocytes cultured in monolayer, for control, ethanol, 500nM URB602, 1μM 

URB602 and 1μM URB602 +500nM LY-320,135 for a period of 16hours. 

Treatment Linear trend line R – Squared value 
Control Y =- 5.89X + 100 0.98992 
Ethanol Y= -6.83X + 100 0.959 

URB602 (1μM) Y = -6.23 + 100 0.98 
URB602 (2μM) Y = - 2.38X + 100 0.9368 

URB602 (1μM) +  LY-320,135  
(500nM) 

Y = -6.10X + 100 0.9905 
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It is clear from Table 2.3 that trendlines give an accurate representation of the gradient, 

due to R2 values very close to 1. 

2.4.1.4. Comparison between percentages of wound closure rates for different 

cannabinoid concentrations 

The comparison between the concentrations that gave the highest percentage wound 

closure rate for each of the 3 synthetic cannabinoids (WIN-2, URB602 and HU-308) 

can be seen in Figure 2.7 and Table 2.4. It is clear that WIN-2 addition resulted in 

complete wound closure after 12 hours whereas other additions took 16 hours for 

wound closure. For the control, wound remained open by ~ 15% after 16 hours. 

The highest wound closure rate of 8.86%/hr was achieved by treating chondrocytes with 

WIN-2 at a final concentration of 1μM. The next highest rate (6.83%/hr) was achieved 

by treating the chondrocytes with ethanol. Chondrocytes treated with 500nM of HU-308 

had the 3rd highest wound closure rate at a rate of 6.32 %/hr. On the other hand 

chondrocytes treated with URB602 had a slightly lower wound closure rate (6.23%/hr). 

Although the 1μM URB602 treatment had a lower wound healing rate than the 500nM 

treatment, chondrocytes treated with 1μM URB602 had a higher cell density at the 

healed wound site. Finally, the lowest wound closure rate was for untreated 

chondrocytes (control), where the rate of wound closure was 5.89%/hr. 
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Figure 2. 7 Comparison between the rate of wound closure results ( ± SD) for 1μM 

WIN-2, 500nM HU-308, 1μM URB602, Ethanol and Control over 16 hours (n=3). 

Table 2. 4Trend lines and R2-values for Comparison between the wound closure 

results for 1μM WIN-2, 500nM HU-308, 1μM URB602, Ethanol and Control over 16 

hours. 

Treatment Linear trend line R – Squared value 
Control Y =- 5.89X + 100 0.98992 
Ethanol Y= -6.83X + 100 0.959 

WIN-2 (1μM) Y = -8.86X + 100 0.9906 
URB602 (1μM) Y = -6.23 + 100 0.98 

HU-308 (500nM) Y = -6.32+ 100 0.9903 
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2.4.1.5. Statistical analysis for the wound closure 

At 0 hrs the normalised wound width is 100% and after 2 hours, the wound width of 

chondrocytes treated with WIN-2 was smallest with % wound remained open at 80.5% 

± 6.63SD, and therefore there was a significant difference between chondrocytes treated 

with WIN-2 and all the other 4 cases at a P value < 0.001. On the other hand, the widest 

wound width was for chondrocytes treated with HU-308 at 93.57% ± 3.95SD. However, 

there was no significant difference between chondrocytes treated with HU-308, Ethanol 

and URB602. 

After 4 hours, chondrocytes treated with 1μM of WIN-2 continued to show the smallest 

wound width (63.07% ± 6.53SD), and there was also very high significant difference 

with the other treatments (P< 0.001). The greatest wound width (83.22 ± 5.5SD) was for 

chondrocytes treated with URB602, but there was no significance difference with 

chondrocytes treated with HU-308. 

After 6 hours, more than half of the wound treated with WIN-2 had healed with 41.04 

% ± 6.93SD remained open with a huge significant difference from all other treatments 

(P<0.001). Nonetheless, chondrocytes treated with URB602 and HU-308 had the widest 

% wounds remained open at 72.84% ± 5.68SD and 70.29% ± 5.42SD, respectively.  

After 8 hours, the wound size for WIN-2 was significantly narrower than the rest of the 

treatments with only (24.74% ± 6.79SD) (P<0.001) of wound remained open (WRO). 

Unsurprisingly, chondrocytes treated with URB602 still had the widest wound width 

62.76% ± 4.88SD of WRO. By this time, HU-308 and the control group had a similar 

wound size (P= 0.249). 
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After 10 hours, WIN-2 caused the wound to nearly close with only 11.6529%± 6.65SD 

of the wound remained open. Yet, the next closet wound width was nearly twice as wide 

(20.45% ± 6.36SD) for –ve control. Then again, URB602 had the widest wound 

(45.94% ± 5.62SD), but it was only ~5% wider than the control groups.  

After 12 hours, the wounded/scratched chondrocyte monolayers treated with WIN-2 

(1μM) were fully healed, while negative control treated cells showed the narrowest 

wound size with 16.49% ± 3.37SD of WRO. 

After 14 hours, untreated chondrocyte monolayers had WRO at 18.66% ± 5.72SD, 

however; the remaining 3 wounds were nearly healed, where the % wound widths for 

ethanol, HU-308 (500nM) and URB602 (1μM) were remained open at 11.64% ± 

7.25SD, 6.74% ± 7.30SD and 11.67% ± 4.96SD, respectively. 

After 16 hours, all the wounds were closed except for untreated chondrocytes cultures, 

where the wounds remained open at 12.75% ± 5.12SD. 

This indicates that treating chondrocytes with WIN-2 at a final concentration of 1μM 

significantly increased the rate at which chondrocyte monolayers healed as compared to 

untreated chondrocytes and chondrocytes treated with ethanol, URB602 and HU-308. 

2.4.2. Proliferation results 

Since URB602 and HU-308 increased the rate of chondrocyte monolayers wound 

closure at final concentrations of 1μM and 500nM respectively, these concentrations 

were chosen for proliferation investigation. WIN55, 212-2 (1μM) gave the highest 

wound closure rate out of the three cannabinoids, therefore, it was tested at three 

different combinations. These treatments were 1μM, 2μM, and 2μM of WIN-2 + 500nM 
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of the CB2 antagonist AM-630. The images in Figure 2.8, show chondrocytes after 72 

hours of incubation in a humidified atmosphere (95% air and 5% CO2) at 37ºC, where 

(a) untreated chondrocytes (control), (b) chondrocytes treated with WIN-2 (final 

concentration 1μM), (c) chondrocytes treated with URB602 (final concentraion1μM), 

(d) chondrocytes treated with HU-308 (final concentration 500nM), (e) chondrocytes 

treated with WIN-2 (final concentration 2μM), (f) chondrocytes treated with WIN-2 

(final concentration of 2μM) and the CB2 antagonist AM630 (final concentration of 

500nM) and (g) negative control. The graph in Figure 2.9 shows the number of cells for 

the 6 treatments after 72 hours of incubation. It can be clearly seen from Figures 2.8 and 

2.9 that treating the chondrocytes with WIN-2 at a final concentration of 1μM greatly 

increased the proliferation of chondrocytes compared to the other cases (P<0.05). The 

average number of chondrocytes treated with 1μM WIN-2 after 72 hours in T25 culture 

flask, was 609x104 cells, which is 9.4 ± 0.24SD times higher than the number of cells 

(65x104 cells) initially seeded. However, treating chondrocytes with a higher 

concentration (2μM) of WIN-2 had a negative effect on chondrocytes proliferation, 

where the number of cells dropped down to 169x104, which is only 2.6 ± 0.18SD times 

the initial seeding density. This negative effect was not reduced by adding 500nM of the 

CB2 antagonist AM630, where the counted number of cells was increased by only 2.5 ± 

0.17SD times, which was extremely lower than the proliferation factor of control groups 

(P<0.05). On the other hand, the average number of chondrocytes in the control group 

was 435x104 cells, which is only 6.7 ± 0.15SD times the number of cells initially 

seeded. This was not affected significantly by treating chondrocytes with ethanol, which 

increased the cell density by 6.5 ± 0.21SD (P>0.05) times the initial seeding.  Although 
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treating chondrocytes with 1μM URB602 and 500nM HU-308 increased the rate of 

wound closure, they did not have the same effect on proliferation.  

 

(a) (b) (c) 

(d) (e) (f) 

 

(g) 

 

Figure 2. 8 Images of chondrocytes cultured for 72 hours with different treatments of 

the synthetic cannabinoids. (a) control, (b) WIN-2 (1μM), (c) URB602 (1μM), (d) HU-

308 (500nM)), (e) WIN-2 (2μM), (f) WIN-2 (2μM) + AM630 (500nM) and (g) Ethanol 

[Scale bar 200μM]. 
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The number of cells treated with HU-308 and URB-602 were 258 x104 (4 ± 0.14SD 

times initial seeding) and 303 x104 (4.7 ± 0.13SD times initial seeding density), 

respectively, which is lower than control groups (P<0.05). Despite increasing the cell 

proliferation more than HU-308, URB602 showed a lower wound closure rate.  

 

 

Figure 2. 9 Proliferation factor of untreated chondrocytes and chondrocytes treated 

with WIN-2 (1μM), WIN-2 (2μM), WIN-2 (2μM) + AM630 (500nM), URB602 (1μM) 

and HU-308 (500nM) after culturing for 72 hours [Error bars show standard 

deviation]. 
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2.4.3. Cell length measurement results 
 

Figure 2. 10 Normalised values of the lengths of untreated chondrocytes and 

chondrocytes treated with WIN-2 (1μM), WIN-2 (2μM), WIN-2 (2μM) + AM630 

(500nM), URB602 (1μM) and HU-308 (500nM) after culturing for 72 hours [Error bars 

show standard deviation] (n=3). 

 

By comparing the morphology of the chondrocytes in Figure 2.8, it can be seen that 

most of the cells have round chondrocytic phenotype suggesting that cannabinoids effect 
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treated with 2μM WIN-2 with and without the antagonist showed the smallest cell 

lengths, where they were 80% ± 2.19SD and 75% ± 2.12SD the length of control groups, 

respectively. Additionally, their images in Figure 2.8 show that most of the cells are 

partially shiny at the borders.  On the other hand, chondrocytes treated with 1μM WIN-2 

were 16% ± 3.16SD smaller than control groups (P<0.05). Although chondrocytes 

treated with URB602, HU-308 and ethanol showed different cell lengths compared to 

control with 94% ± 3.28SD, 105% ± 3.63SD and 107% ± 2.65SD, the lengths of control 

cells, respectively, the difference in cell lengths was not significant (P>0.05 for the 3 

treatments).  

 

2.5. Discussion 

In vivo, extracellular matrix (ECM) can present a challenging barrier to cell migration, 

and indeed this is the case with articular cartilage. Chondrocytes are surrounded by 

highly tensile collagen fibres partially compressing polyanionic aggrecans (Maroudas 

and Bannon, 1981, Urban et al., 1979), which oppose this partial compression by its 

high ability to absorb water and swell resulting in a highly pressurized matrix. Thus, 

chondrocyte find it extremely formidable to migrate within cartilage tissue. This is one 

of the reasons that reduce articular cartilage’s ability to repair.  However, in vitro 

observations suggest that chondrocyte migration may have a role in remodelling of the 

cartilage and pathological conditions (Schubert et al., 2009). In agreement with this, it 

has been shown that a subpopulation of chondrocytes lying in the superficial zone of 

canine and human cartilage expresses α smooth muscle actin, a contractile protein 

secreted by myofibroblasts temporally, during dermal wound healing (Zaleskas et al., 

2001, Wang et al., 2000). 
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Reliable analysis of chondrocyte motility in vitro may be complex due to the tendency 

of chondrocytes in monolayers to differentiate into fibroblast like cells producing 

collagen type I instead of collagen type II (von der Mark et al., 1977, Benya and 

Shaffer, 1982). However, the dedifferentiation of chondrocytes into fibroblast like cells 

in culture is a time-dependent process and usually starts after the 4th passage, if 

chondrocytes are cultured at low densities (von der Mark et al., 1977, Benya and 

Shaffer, 1982). Hence, chondrocytes were cultured at high densities, and the 

experiments were carried out after the 3rd passage, as highlighted in the methods. 

The scratch assay technique has been used to assess the motility of different cell types 

(Berends, 2011, Li et al., 2004). It has even been used to identify the effect of 

transforming growth factor-β1 in biological regulation of chondrocytes (Khaghani et al., 

2009). Though, to our knowledge it has never been used to verify the effect of synthetic 

cannabinoids on wound healing of primary chondrocytes. 

The mechanically scratched monolayers had damaged/injured chondrocytes (at 

membranes or cut in half) in all four different flasks. Damaged chondrocytes release 

nitric oxide (NO) (Im and Shin, 2002). WIN55, 212-2 has been found to reduce the IL-

1α induced nitric oxide (NO) (Mbvundula et al., 2005) and have CB-receptor mediated 

effects on prostaglandin and nitric oxide metabolism (Mbvundula et al., 2006). Thus, 

protecting cartilage matrix from degradation induced by cytokines and proteases. This 

could explain the increase in the faster rate of wound closure obtained in the samples 

treated with 1μM WIN55, 212-2. Therefore, in the experiments described in this chapter 

WIN55, 212-2 could have induced its positive effect by inhibiting the secretion of NO 

by the damaged chondrocytes. 
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Addition of the CB2 antagonist at a concentration of 500nM did not significantly reduce 

the effect that WIN-2 had on chondrocyte wound healing. This suggested that WIN-2 

does not act through the CB2 receptor, which agrees with previous studies (Selvi et al., 

2008). Some studies have also suggested that using cannabinoid antagonists at high 

concentrations can reverse their effects making them work synergistically with 

cannabinoid agonists (Mbvundula et al., 2006). 

Additionally, NO has been reported to cause apoptosis by inhibition of β-1 integrin-

dependent adhesion to ECM (Mbvundula et al., 2006, Hood JD, 2002). Thus treatment 

with WIN-2 at 1μM could increase chondrocytes proliferation caused by reducing NO 

secretion. This increase in cell numbers compared to control groups could also be due to 

the activation of mitogen-activated protein kinase (MAPK) by both CB1 and CB2 

cannabinoid receptors (Demuth and Molleman, 2006) which regulates many cell 

activity such as mitosis and differentiation.  

Normally, migratory cells are well spread, polarized and express filopodia and lamellipoida. 

Nonetheless, the rounded less elongated chondrocytes have shown a more stable chondrocyte 

expression as also reported by others (Chang et al., 2003), and are found to be fully capable of 

interacting with collagen fibres (Lee and Loeser, 1999). This is not surprising since it is 

known that chondrocytes usually maintain a spheroid shape throughout the depth of the tissue, 

except the thin superficial zone of articular cartilage (Hunziker, 1992). Consequently, the less 

elongated morphology shown by chondrocytes treated with 1μM of WIN-2 compared to 

control and other treatments while demonstrating higher wound closure rate and proliferation 

is self-explanatory. Also, increasing cell density causes a reduction in the spreading of the cell 

giving them a more rounded morphology as also seen by others (Nelson and Chen, 2002). 

This ability to increase chondrocyte motility and proliferation, while maintaining their stable 
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morphology, could be of great advantage to patients under taking autologous chondrocytes 

implantation or cell free osteochondral scaffolds, especially that WIN-2 does not cause 

mesenchymal stem cells apoptosis (Pellerito and M., 2008), and thus it may not prevent stem 

cells migration from the surrounding bone marrow to the cell free osteochondral scaffolds. 

Chondrocytes treated with the high concentration of WIN-2 with and without its antagonist 

demonstrated a remarkably lower proliferation rate compared to control groups. In addition, a 

significantly lower wound healing rate was observed for chondrocytes treated with high 

concentrations of HU-308 and URB602. This could be due to cycle arrest, where cannabinoids 

at high concentrations were found to induce cycle arrest at the G1-S phase transition, which is 

independent of apoptosis in a number of transformed cells in culture (Guzman et al., 2002, 

Guzman, 2005). In addition, WIN-2 has been found to inhibit the production of adenosine 

triphosphate (ATP) in sperm at a concentration of 5μM (Morgan et al., 2012). Since ATP 

transports chemical energy within cells for metabolism, reducing it will result in a reduction in 

cell activities. Likewise, chondrocytes treated with 2μM of WIN-2 were less spread with 

significantly decreased cell lengths as compared to control groups. After treatment with WIN -

2 the cells were also more phase bright suggesting that cells were not fully attached. 

Therefore, a full adhesion to ECM may not have been achieved, accordingly, increasing cell 

apoptosis and reducing cell migration. This could indicate that high concentrations of 

cannabinoids could be used to treat cartilage tumours.   

HU-308 (CB2 agonist) at a final concentration of 500nM was found to reduce cell 

proliferation, which could explain the low wound closure rate compared to ethanol treatment. 

However, the higher wound closure rate compared to control could be due to increased cell 

migration, where cells treated with 500nM were found to form bridges at an earlier stage. The 
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fact that the effect of HU-308 was blocked by the administration of the CB2 antagonist AM-

630 suggests that HU-308 acts via the CB2 receptors.  

The low concentration of URB602 (1μM) was found to slightly reduce cell proliferation, 

however, it was found to slightly increase the rate of wound closure. This was not affected by 

the addition of the CB1 antagonist LY-320,135, indicating that URB602 does not act via the 

CB1 receptor path-way. On the other hand, the increase in the rate of wound closure is 

probably due to the increase in cell migration, where URB602 reduced the time taken for 

chondrocytes to form bridges. Also, URB-602 increased cell proliferation more than HU-308 

even though HU-308 increased the rate of wound closure more than URB-602. In other words, 

HU-308 had a greater effect than URB-602 on cell motility. 

It has been found that ethanol has a strong effect on the structural properties of cell 

membranes lipid bilayers making them more fluidic (Patra et al., 2006), which increases cells 

permeability to growth factors present in the culture media’s serum. For that reason, 

chondrocytes treated with ethanol have shown a higher wound closure rate compared to 

control groups. 

While a direct extrapolation from our in vitro results to events in cartilage tissue cannot be 

made, there is a possibility that the migration of chondrocytes in monolayers may reflect their 

physiological attributes. For instance, the low motility may contribute to the lack of 

momentous repair potential in vivo. Although future studies will be extremely difficult due to 

the complex nature of cartilage tissue, these findings open the door to extraordinary 

possibilities for understanding the mechanisms by which chondrocytes migrate and for 

developing ways to improve their motogenic potential for tissue engineering applications. 
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2.6. Conclusion  

It is clear that the tested synthetic cannabinoids affected the rate of wound closure, cell 

proliferation and cell size of chondrocyte monolayers. However, WIN-2 appeared to have the 

greatest effects. At a concentration of 1μM, it significantly increased the rate of wound 

closure cell proliferation, while significantly reducing cell size compared to all the other 

treatments, and at 2μM it had an inverse effect. Increasing chondrocyte migration and 

proliferation could be advantageous at some stage of the cartilage wound healing process. 

Also, encouraging chondrocytes to secrete larger quantities of ECM proteins would be very 

beneficial at later stages of the wound healing procedure. Therefore, it is important to 

investigate WIN-2 effects on cartilage ECM proteins expressions of chondrocytes.
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3.1. Introduction 
 

Articular cartilage is highly capable of withstanding repeated loading, considerable 

stress, and friction. However, unlike other types of connective tissue, it has very low 

capacity to repair due to the lack of nerves, blood vessels and lymphatics (Desjardins 

and Hurtig, 1990). It was shown in previous chapters that treating primary chondrocyte 

monolayers with 1μM of WIN55, 212-2 increased the rate of wound closure and cell 

proliferation and that treating primary chondrocyte monolayers with 2μM of the same 

synthetic cannabinoid decreased rate of wound closure and cell proliferation. Moreover, 

both treatments notably reduced cell lengths, but by different percentages. These results 

prompted further investigation of the effect of these concentrations on chondrocyte 

protein expression. Understanding the mechanisms regulating cellular behaviour, e.g. 

proliferation, migration, morphology, phenotype and cell adhesion is crucial for tissue 

engineering (Ma, 2008). Cells/receptor membranes bind to their ligands by expressing 

different types of integrins depending on the extracellular matrix (Woods et al., 2007). 

Furthermore, functionality of cells relies in part on the ECM protein surrounding the 

cell (Bordeleau et al., 2008). For instance, collagen type II rich ECM promotes 

chondrocyte proliferation and differentiation (Terpstra et al., 2003).  

Normally, chondrocytes within articular cartilage demonstrate a round-shaped 

morphology while secreting various ECM proteins, including type II collagen, cartilage 

oligomeric matrix protein (COMP) and aggrecan (Pei et al., 2008, Schnabel et al., 2002, 

Gigout et al., 2008). Nevertheless, chondrocyte dedifferentiation has been noted in 

osteoarthritic cartilage (Thomas et al., 2002). There is strong evidence that culturing 

chondrocytes in monolayers makes them lose their rounded shape and dedifferentiate 

into fibroblast-like morphology and produce collagen type I (Boubriak et al., 2009). 
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Therefore, collagen type II can be used as a chondrocytic marker and both collagens can 

be used to determine the differentiation state of chondrocytes. Also, as mentioned in the 

first chapter one of the major problems facing current cartilage repair strategies is the 

formation of fibrocartilage instead of articular cartilage due to the dedifferentiation of 

chondrocytes into fibrocytes. As a result, the effect of WIN-2 on chondrocyte 

differentiation was investigated by immunofluorescence microscopy and validated 

quantitatively with an ELISA based method. 

S-100 protein also appears to be useful for the histological evaluation of human articular 

cartilage repair activity (Sugimoto et al., 1991). S100 is an in vitro antigen synthesised 

by primary chondrocytes (Meyer and Wiesmann, 2006a), thus the effect of WIN-2 on 

S100 was investigated.  

Fibronectin is a high-molecular weight glycoprotein of the ECM that binds to integrins 

and other ECM components such as heparan sulfate proteoglycans, fibrin and collagen 

(Pankov and Yamada, 2002). Chondrocytes secrete fibronectin in the soluble form, 

which is then assembled into an insoluble matrix in a complex cell-mediated process 

(Chen et al., 2011). It  plays a key role in cell migration, adhesion, differentiation and 

growth, which increase its importance in processes like wound healing and embryonic 

development (Pankov and Yamada, 2002). In wound healing of connective tissue, 

fibronectin is vital for the remodelling and resynthesis of the tissue matrix (Grinnell et 

al., 1981).  On the other hand, changes in fibronectin organization, degradation and 

expression have been identified in a number of pathologies, including cancer and 

fibrosis (Williams et al., 2008). Proteases including MMPs that digest the plasma 

fibronectin are secreted at wounded sites and then cells secrete cellular fibronectin and 

assemble it into an insoluble matrix (Grinnell, 1984). 
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The dissolution and maintenance of the extracellular matrix is mediated in part by the 

matrix metalloproteinase (MMP) family of enzymes and by their inhibitors, i.e. the 

tissue inhibitors of metalloproteinases (TIMPs) (Kapila et al., 1996). Further, cartilage 

ECM may introduce a physical barrier, since some cells might be able to squeeze 

through matrix meshwork (Mandeville et al., 1997), while others may need to use 

proteolytic enzymes to migrate through condensed cartilage matrices (Werb, 1997). It 

will be important to address the effect that WIN-2 has on fibronectin and proteolytic 

enzymes such as MMP-2 (matrix metalloproteinase-2), as the rise in chondrocytic 

proteases caused by osteoarthritis (Martin and Buckwalter, 2002) may aid cell motility. 

NO is thought to interfere with chondrocyte migration and attachment to fibronectin, 

and cause cell death (Nakagawa et al., 2010). However, other studies have suggested 

that NO by itself is not cytotoxic to cultured chondrocytes and can even have a 

protective role, while it only causes cell death under conditions where other reactive 

oxygen species (ROS) are also generated (Del Carlo and Loeser, 2002). These resulted 

in further investigation of its role in monolayer chondrocyte wound healing described in 

this thesis. Griess reagent can be used to measure cell expression levels of nitrite and 

nitrate, which represent the final products of nitric oxide oxidation pathways (Giustarini 

et al., 2008). For this reason, Griess reagent can be used to evaluate NO produced by 

different cell types. 

3.2. Aims and objectives 

The aim of the experiments carried out in this chapter was to further investigate the 

effects of synthetic non-specific cannabinoid WIN55, 212-2 on chondrocytes 

monolayers. A clearer understanding of the mechanisms of actions involved in wound 
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closure, cell proliferation and morphology was needed. Therefore, expressions of 

collagen type I and type II fibronectin, S100, MMP-2 and nitric oxide was examined 

following treating chondrocytes with two concentrations of WIN55, 212-2 at 1μM and 

2μM.  

3.3. Materials and Methods 

3.3.1. Chondrocytes culture 

A mixture of High glucose (4500mg/l glucose) Dulbecco’s modified eagle medium and 

Ham’s F12 (DMEM/Ham’s F12, 1:1) without L-Glutamine was used as the culture 

media after adding 1% of L-glutamine, 1% of penicillin streptomycin, 0.2% of 

Fungizone and 10% of fetal bovine serum (FBS). Primary chondrocytes extracted from 

3-6 days old Sprague-Dawley rats were cultured upon confluency until the 3rd passage 

at 37ºC in a humidified atmosphere with 5% CO2. Following the third passage 

chondrocytes were seeded onto 1cm2 sterile glass cover slips in 35mm petri dishes at a 

density of 50,000 cells/ml (1.56x104 Cells/cm2). Thirty nine petri dishes were prepared, 

one of which was used to confirm the specificity of the primary antibodies used 

(staining -ve control). In order to reduce the effect of cell proliferation on protein 

expression, chondrocytes were left for two days to reach 100% confluency before 

applying the three different treatments. The cells were then washed twice with HBSS 

and the different treatments were applied. The first group consisted of 15 petri dishes, 

and cells were incubated with 3ml of culture media (12 control and 3 staining –ve 

control groups). Similarly, 3ml of media containing WIN55, 212-2 (WIN-2; SIGMA- 

ALDRICH, UK) at a final concentrations of 1μM and 2μM were added to petri dishes 

of the second and third group, respectively. As chondrocytes wound closure rate was 
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monitored over a period of 16 hours, the three groups were incubated at 37ºC in 

humidified atmosphere with 5% CO2 for the same period, before investigating the 

changes in proteins expressions. In order to quantitatively investigate the effect of 

WIN55, 212-2 on the chondrocytes protein expression, the same treatments were 

applied to chondrocytes, from the 3rd passage, cultured in 96-well plates (50,000 

cells/ml), after they had reached 100% confluency. WIN-2 effect on NO (Nitric oxide) 

production was also investigated in the same way. NO expression was investigated over 

a period of 16 hours, where its value was recorded every 2 hours. This was done by 

preparing 9 fully confluent 96-well plates and each one of them had 36 samples, 12 for 

each treatment. Chondrocytes of the first 96-well plates were washed with HBSS 

solution 2 times, wounded as described in Chapter 3, and 75μl of untreated media, 

media containing 1μM or 2μM of WIN-2 was added to control, 1st and 2nd group, 

respectively. Since this step took about 10 minutes, it was repeated every 110 minutes, 

until all the 96-wells were treated. By the end of this stage, the first 96-well plate had 

been wounded and incubated with WIN-2 for 16 hours , the second for 14 hours, while 

the last one had just been wounded, and therefore considered to be incubated for 0 

minutes. In order to investigate the effect of WIN-2 on MMP-2 expression in 

chondrocytes, cells from the 3rd passage were cultured in 6-well plates and left in a 5% 

CO2 incubator at 37ºC to reach confluency. They were then divided into the following 

treatment groups, control (no treatment), 1μM WIN-2 and 2μM WIN-2, cells were 

incubated with these treatments for 16 hours, before the MMP-2 concentration was 

measured. 
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3.3.2. Immunofluorescence staining for Collagen Type II, Collagen Type 

I fibronectin, and S100 

Immunofluorescence is a powerful procedure that uses fluorescent-labeled antibodies 

(secondary antibodies) to detect specific target antigens (Odell and Cook, 2013). 

Primary antibodies bind to the target antigens, and then secondary antibodies bind to the 

primary antibodies causing a fluorescence effect (Meyer and Wiesmann, 2006). This 

reaction, resulting from binding of secondary antibody to the primary antibody, is then 

imaged by fluorescence microscopy.  

3.3.2.1. Reagent preparation 

In order to reduce auto-florescence, glycine (SIGMA- ALDRICH, UK) in HBSS was 

prepared in accordance with the suppliers instructions. Its solution was achieved by 

adding 0.375g to 50ml of HBSS. Triton X-100 (SIGMA- ALDRICH, UK) which is a 

non-ionic surfactant was used to solubilise proteins and to increase the permeability of 

the chondrocytes membrane. 0.5ml Triton X-100 was therefore added to 40.5 ml HBSS, 

to produce 50 ml of HBSS containing 0.1% of Triton X-100. Adding 0.5g of bovine 

serum albumin (BSA; SIGMA- ALDRICH, UK) to 50ml of HBSS produced 1% 

BSA/HBSS. This was used to dilute primary and secondary antibodies. Monoclonal anti 

fibronectin (mouse IgG1 isotype) (SIGMA- ALDRICH, UK) secondary anti-body Ab-

Alexor fluor 488nM (Invitrogen, UK), monoclonal anti collagen type I (mouse IgG1 

isotype) (SIGMA- ALDRICH, UK), monoclonal anti collagen type II (mouse IgG1 

isotype) (SIGMA- ALDRICH, UK) and monoclonal anti S-100 (β-subunit, mouse IgG1 

isotype) (SIGMA- ALDRICH, UK) were diluted in the ratios of 1:100, 1:400, 1:500, 

1:500 and 1:1000, respectively. PBS was used for washing cells between different steps 
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of the staining protocols, and was prepared by dissolving 1 tablet per 200 ml double 

distilled water. Finally 3μl of dapi was diluted in 30ml HBSS and this was used for 

nuclear staining.  

3.3.2.2. Immunofluorescence staining steps 

Chondrocytes cultured on glass cover slips were washed 2 times with HBSS, after they 

had been incubated with 3 different types of media for 16 hours.  The chondrocytes 

were fixed by covering them with 2ml of PBS containing 4% formaldehyde for 5 

minutes. The cell fixation solution was then removed and the cells were washed 3 times 

with PBS. Each cover slip was then covered with 5ml of 0.1% Triton X-100 and 

incubated at room temperature for 15 minutes, and then they were washed once with 

PBS. After washing the chondrocytes, 4 drops of Image-iTTM FX signal enhancer 

(Invitrogen, UK) were added to each cover slip, to block undesired staining and then 

chondrocytes were incubated at room temperature for 30 minutes.  

The signal enhancer was removed by washing the chondrocytes 3 times by incubating 

cells each time in PBS at room temperature on a shaking platform for 5 minutes. PBS 

was removed at the third wash from all the petri dishes, except 3 petri dishes. These 

petri dishes were not treated with primary antibodies (staining –ve control), and were 

used to confirm the binding specificity of primary antibodies used.  

300μl of primary antibody solution was added to each of the remaining petri dishes. 

Anti-collagen type II solution was added to 9 petri dishes, 3 for each treatment. 

Similarly, anti-collagen type I, anti-fibronectin and anti-S100 antibodies solutions were 

each added to nine petri dishes. The coverslips were then incubated at room temperature 

for 3 hours. At the end of the 3 hours, primary anti-bodies were removed from the petri 
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dishes, and the petri dishes were washed 3 times with 5ml of PBS on the shaking 

platform for 5 minutes. After the 3rd wash, PBS was removed from all of the petri 

dishes, including the 3 assigned as the staining –ve control, and the area around the 

cover slips was dried carefully. The florescence particles conjugated to the secondary 

antibodies were extremely sensitive to light. Thus, the remaining steps of the 

immunofluorescence staining procedure were performed in reduced light environment. 

300μl of the secondary antibody’s solution was then added to the cover slips and 

incubated at room temperature for 2 hours. 

This was followed by washing the petri dishes for 3 times on the shaking platform each 

time for 5 minutes. The petri dishes were then mounted by adding 5ml of HBSS to each 

petri dish and incubating in the fridge at 4ºC for 7 days.  

After 7 days of incubation, all cover slips were immersed in dapi solution for 15 

minutes at room temperature, in order to identify the viable cell nuclei. Finally cells 

were washed twice with PBS. Coverslips were removed from the petri-dishes and 

protein expression was examined using an Eclipse 80i Fluorescence microscope with an 

objective lens of 20X. The antibodies bound to chondrocytes (positive) were visualized 

under the fluorescence microscope by Alexa Fluor 488 goat anti-mouse SFX, which 

was seen as a green fluorescence colour. Images were captured and stored for further 

analysis and investigation. 

3.3.3. ELISA based method for detection of Collagen type I, Collagen 

Type II, fibronectin and protein S-100 

The enzyme-linked immunosorbent assay (ELISA) is a test that uses primary and 

secondary antibodies and colour change to detect specific antigens. Primary antibodies 
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bind to the antigens, and then secondary antibodies bind to the primary antibodies. The 

binding of primary antibodies to secondary antibodies causes a colour change that is 

detected using a spectrophotometer. In a similar procedure to the immunofluorescence 

staining, chondrocytes of the three groups control, 1μM and 2μM of WIN-2 were 

washed after 16 hours of incubation at 37ºC in humidified atmosphere with 5% CO2, 

where 48 samples were prepared for each treatment. Cells were then fixed by incubating 

at room temperature with 4% formaldehyde for 5 minutes. Following 3 washes with 

PBS, any endogenous peroxide was quenched using 3% hydrogen peroxide for 5 

minutes, and then washed.  In order to prevent non-specific binding, cells were 

incubated at room temperature for 15 minutes in 1% BSA solution, and washed at the 

end of the 15 minutes twice with PBS. 5μl of the primary antibodies solutions were 

added to each of the cell containing wells.  Anti-collagen type II antibodies solution was 

added to three petri dishes; the 1st petridish was untreated (control), the 2nd petridish was 

treated with 1μM WIN-2 and the 3rd was treated with 2μM WIN-2. Similarly, Anti-

collagen type I, anti-S100 and anti-fibronectin antibodies solutions were each added to 

the three different treatments. The cells were incubated with these solutions for 3 hours, 

followed by 3 times washing with Hank’s each time for 5 minutes. The secondary anti-

mouse IgG peroxidise conjugate (8μg/ml) was added for a further 30 minutes at room 

temperature.  Tetramethylbenzidine (TMB; SIGMA- ALDRICH, UK) substrate was 

then applied and absorbance readings were measured at 630nm after 10minutes 

incubation. This experiment was repeated three times, giving a total of 36 readings for 

each different treatment group.   
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3.3.4. MMP-2 immunoassay staining 

12 samples were prepared for each of the three treatments, i.e. control, 1μM WIN-2 and 

2μM WIN-2. Following incubation with these treatments for 16 hours, conditioned 

media was aspirated and centrifuged at 1500 rpm for 5 minutes. An ELISA Kit 

(Invitrogen,UK) was used and staining steps were in accordance with the manufactures 

supplied protocol. Conditioned media was added to pre-treated 96-coster well plates 

with MMP-2 anti-body and were incubated for 2 hours. Media was aspirated and 

washed 4× with the washing solution. Wells were then incubated in 100μL of biotin 

conjugate for a period of one hour at room temperature. The wells were washed again 4 

times in washing solution. After the final wash, wells were incubated in 100μL of 

streptavidin-HRP for a period of 30 minutes followed by incubation in stabilized 

chromogen for 30 minutes at room temperature. Stop solution was added and optical 

density values were obtained using ELx 800 (Bioteck instruments, USA) at wavelength 

of 450nm. 

3.3.5. Nitric oxide quantitative staining 

After preparation of the nine different 96-well plates, supernatants were withdrawn from 

culture flasks and centrifuged at 1700 rpm for 5 minutes. In a 96-well plate, 100μl of 

each well was mixed with 100μl Griess reagent (SIGMA- ALDRICH, UK) and 

incubated at room temperature for 10 minutes. After incubation absorbance was 

measured using an absorbance micro-plate reader (ELx 800, Bioteck instruments, USA) 

at a wavelength of 570 nm. This experiment was repeated 3 times. 
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3.3.6. Statistical analysis 

Quantitative staining readings were tested for normality using a Kolmogorov Smirnov 

test. Normally distributed data (p >0.05) were analysed using SPSS via a Oneway 

Analysis of Variance (ANOVA) test followed by post Hoc Bonferroni tests. Kruskal-

Wallis test and serial Mann Whitney tests were used for non-normally distributed data 

(p<0.05).  Statistical tests were performed such that a p value of < 0.05 was considered 

as indicating a significant difference. 

3.4. Results  

3.4.1. Immunofluorescence staining for Collagen type II of 

chondrocytes treated with 1μM and 2μM of WIN55, 212-2 

Immunofluorescence staining of the chondrogenic protein collagen type II indicated that 

untreated cells and cells treated with 1μM and 2μM of WIN-2 were stained positively 

for collagen type II distributed around the cell membrane. However, there seemed to be 

an increase in the secretion of collagen type II by primary chondrocytes treated with 

1μM of WIN-2 compared to control groups (Figure 3.1 a), with the increase in collagen 

being associated with the formation of an intercellular collagen type II network (Figure 

3.1 b). In comparison, treating chondrocytes with 2μM of WIN-2 seemed to reduce 

collagen type II secretion compared to control groups (Figure 3.1 c). 
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(a) 
   

(b) 

(c) 
Figure 3. 1 Immunofluorescence staining of collagen type II (green). The green colour 

shows positive staining for collagen type II in (a) control conditions, (B) 1μM WIN-2 

and (C) 2μM WIN-2. Individual cell nuclei are stained blue (Dapi stain). [Scale bar = 

100μm] 

3.4.2. Immunofluorescence staining for Collagen type I of chondrocytes 

treated with 1μM and 2μM of WIN55, 212-2 

 

A very weak expression of collagen type I was visualised mainly as part of the cell 

membrane for the 3 different treatments, by the immunofluorescence staining of 

primary chondrocytes monolayer (Figure 3.2).  
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(a) (b) 

(c) 
Figure 3. 2 Immunofluorescence staining of collagen type I (green). The green colour 

shows positive staining for collagen type I in (a) control conditions, (B) 1μM WIN-2 

and (C) 2μM WIN-2. Individual cell nuclei are stained blue (Dapi stain). [Scale bar = 

100μm]. 

Treating chondrocytes with WIN-2 seemed to have reduced collagen type I secretion. 

This was particularly obvious with cells treated with 1μM of WIN-2, where collagen 

type I is hardly noticeable (Figure 3.2 b). Collagen type I was localised around the cell 

membrane as part of the extra-cellular matrix (ECM) for control groups only (Figure 3.2 

a). 
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3.4.3. Immunofluorescence staining for S100 of chondrocytes treated 

with 1μM and 2μM of WIN55, 212-2 

 

Out of the 4 proteins stained, the differentiation protein S100 seemed to be highly 

expressed with the highest immunofluorescence staining intensity as shown in Figure 

3.3. Not only surrounding the nucleus of chondrocytes, but also predominant around the 

cell membrane in the ECM. Chondrocytes treated with 1μM of WIN-2 seemed to 

produce the highest expression of S100 (Figure 3.3 b). Then again, cells treated with 

higher concentration of WIN-2 displayed a similar or slightly lower staining intensity 

compared to control groups (Figure 3.3 a & c). 

 

(a) (b) 
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(c) 

Figure 3. 3 Immunofluorescence staining of S100 (green). The green colour shows 

positive staining for collagen S100 (a) control conditions, (B) 1μM WIN-2 and (C) 2μM 

WIN-2. Individual cell nuclei are stained blue (Dapi stain). [Scale bar = 100μm]. 

3.4.4. Immunofluorescence staining for fibronectin of chondrocytes 

treated with 1μM and 2μM of WIN55, 212-2 

Fibronectin was mainly observed as networks of bright fluorescence dots, in the 

pericellular matrix (Figure 3.4). The fluorescence intensity produced by chondrocytes 

treated with 2μM of WIN-2 was the greatest, indicating the highest expression of 

fibronectin for this treatment compared to the 2 other treatments (Figure 3.4 c) This 

intensity was lower for cells treated with the lower concentration of WIN-2, (Figure 3.4 

b) 
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(a) (b) 

(c) 
Figure 3. 4 Immunofluorescence staining of fibronectin (green). The green colour 

shows positive staining for fibronectin in (a) control conditions, (B) 1μM WIN-2 and 

(C) 2μM WIN-2. Individual cell nuclei are stained blue (Dapi stain). [Scale bar = 

100μm] 

3.4.5. Immunofluorescence staining of chondrocytes without primary 

antibodies 

Figure 3.5 shows the light image produced by phase contrast microscopy, fluorescence 

image of cell’s nuclei DAPI (4’,6-diamidino-2-phenylindole) staining,  and fluorescence 

image of the same location, but with no primary antibodies. The specificity of the 
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primary antibodies was confirmed by the lack of specific staining, as shown in Figure 

3.5 c.  

(a) (b) 

(c) 
Figure 3. 5 Negative control staining. (a) Light microscope image, (b) Immunofluorescence 

DAPI staining of Individual cell nuclei and (c) Immunofluorescence staining of the same 

location for negative control (with no primary antibodies). [Scale bar 100μm]. 

3.4.6. Detection of Collagen type II secreted by chondrocytes treated 

with 1μM and 2μM of WIN55, 212-2 using an ELISA based method 

Figure 3.6 and Table 3.1 show absorbance readings at 630nm for each of the 3 different 

treatments. It is clear that the optical density readings agreed with the 

immunofluorescence images. Unsurprisingly, the WIN-2 1μM treatment produced the 
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highest reading at 0.341 ± 0.007SD, which was ~ 19.4% higher than the readings 

produced by control groups (0.275 ± 0.008SD) (P<0.05). On the other hand, by 

increasing WIN-2 concentration to 2μM the collagen type II deposition was reduced by 

~ 12.7 % and gave a reading of 0.240 ± 0.005SD. 

 

Figure 3. 6 Optical density readings ( ± SD) at 630nm following immunoperoxidase staining 
of deposited Collagen type II following 16 hours incubation with 1μM WIN-2 and 2μM WIN-2 

and control conditions (*= p<0.05) (n=36). 

Table 3. 1 Optical density readings ( ± SD) at 630nm following immunoperoxidase staining 
of deposited Collagen type II following 16 hours incubation with control, 1μM WIN-2 and 

2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.275 ± 0.008SD 0.341 ± 0.007SD 0.240 ± 0.005SD 
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3.4.7. Detection of Collagen type I secreted by chondrocytes treated 

with 1μM and 2μM of WIN55, 212-2 using an ELISA based method 

Immunofluorescence staining results was again confirmed with the quantitative results 

of the immunoperoxidase staining. Collagen type I was mostly expressed by untreated 

chondrocytes with an optical density reading of 0.210 ± 0.010SD. This value is ~33.3 % 

higher than the 0.140 ± 0.005SD produced by cells treated with 1μM WIN-2 (P<0.05). 

Similarly, chondrocytes treated with the higher concentration of WIN-2 expressed a 

lower optical density reading, but it was only ~ 16.2% lower than control conditions at a 

value of 0.176 ± 0.009SD (P<0.05) (Figure 3.7 and Table 3.2). 

Table 3. 2 Optical density readings ( ± SD) at 630nm following immunoperoxidase 

staining of deposited Collagen type I following 16 hours incubation with control, 

1μM WIN-2 and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.210 ± 0.010SD 0.140 ± 0.005SD 0.176 ± 0.009SD 
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Figure 3. 7 Optical density readings ( ± SD) at 630nm following immunoperoxidase staining 

of deposited Collagen type I following 16 hours incubation with 1μM WIN-2 and 2μM WIN-2 

and control conditions (*= p<0.05) (n=36). 

 

3.4.8. Detection of protein S100 secreted by chondrocytes treated with 

1μM and 2μM of WIN55, 212-2 using an ELISA based method 

Similar to collagen type II, chondrocytes treated with the low concentration of WIN-2 

produced the highest optical intensity of 0.655 ± 0.017SD for S100 protein, and this is ~ 

22.1% and 25% higher than control groups (0.510 ± 0.021SD) and the higher 

concentration of WIN-2, respectively (0.491 ± 0.021SD) (P<0.05). Likewise, these 

results agree with immunofluorescence results (Figure 3.8 and Table 3.3). 
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Figure 3. 8 Optical density readings ( ± SD) at 630nm following immunoperoxidase staining 

of deposited S100 following 16 hours incubation with 1μM WIN-2 and 2μM WIN-2 and 

control conditions (*= p<0.05) (n=36). 

 

Table 3. 3 Optical density readings ( ± SD) at 630nm following immunoperoxidase 

staining of deposited S100 following 16 hours incubation with control, 1μM WIN-2 

and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.510 ± 0.021SD 0.655 ± 0.017SD 0.491 ± 0.021SD 
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3.4.9. Detection of Fibronectin secreted by chondrocytes treated with 

1μM and 2μM of WIN55, 212-2 using an ELISA based method 

As shown in Figure 3.9 and Table 3.4, once again, fibronectin immunoperoxidase 

staining results were in good agreement with the fluorescence images. The lowest 

expressions were for untreated cells producing an optical density reading of 0.225 ± 

0.011SD. In contrast, the highest reading was produced by chondrocytes treated with 

2μM WIN-2 (0.338 ± 0.009SD), which was ~ 33.4% higher than untreated cells 

(P<0.05). In the same way, treating chondrocytes with 1μM of WIN-2 increased the 

secretion of fibronectin by ~ 22.7 % (P<0.05), where the optical density value was 

0.291 ± 0.006SD. 

 

Table 3. 4 Optical density readings ( ± SD) at 630nm following immunoperoxidase 

staining of deposited Fibronectin following 16 hours incubation with control, 1μM 

WIN-2 and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.225 ± 0.011SD 0.291 ± 0.006SD 0.338 ± 0.009SD 
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Figure 3. 9 Optical density readings ( ± SD) at 630nm following immunoperoxidase staining 

of deposited fibronectin following 16 hours incubation with 1μM WIN-2 and 2μM WIN-2 and 

control conditions (*= p<0.05) (n=36). 

3.4.10. Detection of MMP-2 secreted by chondrocytes treated with 

1μM and 2μM of WIN55, 212-2 using an ELISA based method 

Matrix metalloproteinase-2 (MMP-2) expression of chondrocyte monolayers was 

significantly lower than control groups after 16 hours of incubation with WIN-2 

(P<0.05). In fact, MMP-2 secreted by chondrocytes treated with 1μM and 2μM was 

~23.6% and 51.6% lower than control groups, respectively. 
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Figure 3. 10 Optical density readings ( ± SD) at 450nm following immunoperoxidase 

staining of deposited MMP-2 following 16 hours incubation with 1μM WIN-2, 2μM 

WIN-2 and control conditions (n=12). 

Table 3. 5 Optical density readings ( ± SD) at 450nm following immunoperoxidase 

staining of deposited MMP-2 following 16 hours incubation with control, 1μM WIN-2 

and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.955 ± 0.045SD 0.734 ± 0.028SD 0.464 ± 0.02SD 
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3.4.11. Nitric oxide quantitative staining 

As shown in Figure 3.11, the three treatments showed similar NO expressions for the 

first two hours with very little difference (P>0.05). However, after four hours, a very 

large gap started to appear between the three treatments. Untreated chondrocytes 

expressed significantly (P<0.05) high levels of NO, on the contrary, WIN-2 at 2μM 

induced the lowest NO values (P<0.05). The remarkable differences in NO expression 

remained over the sixteen hour period.  

 

 

Figure 3. 11 Optical density readings for NO ( ± SD) at 570nm following nitrate 

Greass reagent  staining  for chondrocytes treated with 1μM WIN-2, 2μM WIN-2 and 

control conditions over a period of 16 hours (n=36). 
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There was a noticeable variation in difference between NO concentrations induced by 

different treatments. For instance, the highest difference in NO expression between 

control groups and 1μM WIN-2 was at 8 hours, this corresponds to the time point at 

which cells treated with 1μM in the wound model started to form bridges. 

3.5. Discussion 

In vivo, chondrocytes synthesize cartilage extracellular matrix, including collagens, 

proteoglycans, and non-collagen proteins such as fibronectin (a glycoprotein) that binds 

to integrins on cell membrane. Moreover, collagen type II is responsible for the huge 

ability of cartilage to resist tensile and shear stresses (Borg, 2010). Thus, collagen type 

II is considered as a predominant protein in the formation of cartilage (Cameron et al., 

2009), and can be used as a chondrogenic marker (Pei et al., 2008). On the other hand, it 

is a well-established fact that chondrocytes cultured in monolayers have propensity for 

losing their differentiated function (von der Mark et al., 1977, Benya and Shaffer, 

1982). This dedifferentiation to fibroblast like cells (fibrocytes) is marked by a 

reduction in the secretion of collagen type II and increase in the secretion of collagen 

type I (Yu et al., 2013). For these reasons, the effect that the synthetic cannabinoid 

WIN-2 had on chondrocytes monolayer expression of both collagen type II and type I 

was investigated. All chondrocytes monolayers, including control groups, secreted 

collagen type II, indicating a chondrocytic phenotype. However, there were variations in 

the levels of collagen type II secreted by the chondrocytes following the 3 different 

treatments. 

It became clear from the results reported in this chapter and the previous chapter that the 

synthetic non-specific cannabinoid WIN-2 had a major effect on chondrocyte 
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monolayers. For instance, treating cells with 1μM of WIN-2 significantly increased the 

rate of wound closure, proliferation and collagen type II expression. Though, collagen 

type I secretion was reduced by the same treatment. Hence, WIN-2 increased 

chondrocytes differentiation, which may have led to an increase in cell migration and 

proliferation. Our findings were in agreement with that of Chang et al. in 2003 agreed 

with our findings, i.e. it was shown that in monolayers, migratory chondrocytes express 

more collagen type II and less collagen type I compared to static chondrocytes (Chang 

et al., 2003). Moreover, in a canine model higher percentage of alpha-smooth muscle 

actin-positive chondrocytes were found in hyaline cartilage of the reparative tissue, 

compared to the fibrous tissue in artificially created defects (Wang et al., 2000). This 

means that chondrocytes are expected to be more mobile than fibroblast like cells 

(fibrocytes). Essentially, in monolayers, active motile chondrocytes may be more 

differentiated expressing higher concentrations of collagen type II compared to less 

active ones. Additionally, it was suggested that during cell movements, collagen fibres 

and fibrils may offer ‘paths’ along which cells can migrate and/or the fibrillar 

meshwork might offer points of secure attachment where cells can introduce their 

processes and pull themselves forward (Mandeville et al., 1997).  

Other factors affecting the differentiation status of chondrocytes include interleukin-

1beta (IL-1β) a major catabolic pro-inflammatory cytokine involved in cartilage 

destruction, which is known to induce chondrocyte dedifferentiation (Hwang et al., 

2005, Thomas et al., 2002). WIN-2 has been found to strongly inhibit IL-1β signalling 

pathway in human astrocytes in a cannabinoid receptor-independent manner (Curran et 

al., 2005). Although this study was carried on a completely different cell type, there is a 

high possibility that WIN-2 may have induced chondrocyte differentiation by inhibiting 
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IL-1β, especially by blocking CB2 receptor with AM-630 (CB2 antagonist) did not 

significantly alter WIN-2’s effect on proliferation and wound repair rate of the 

chondrocyte monolayers. Furthermore, both CB1 and CB2 receptors are coupled to 

heterotrimeric Gi/o proteins and activate the mitogen-activated protein kinases (MAPK) 

extracellular signal regulated kinase ERK-1/2 (Guzman et al., 2002, Piomelli, 2003), 

and stimulation of CB2 receptors activates ERK-1/2 pathway (Merighi et al., 2012). 

ERK-1/2 pathway is required for regulating dedifferentiation and inflammation, where 

its inhibition was found to reverse chondrocyte induced dedifferentiation (Yu et al., 

2013). Therefore, if CB2 receptors were activated by WIN-2, the ERK-1/2 pathway 

would have been activated, which might have increased chondrocyte dedifferentiation 

increasing collagen type I expression and reducing collagen type II secretion.  

As mentioned in the previous chapter, chondrocyte monolayers treated with WIN-2 

showed the roundest morphology compared to all the other treatments. This can be 

supported by the critical role that ECM proteins like collagen type II play to modulate 

cellular phenotypes during chondrogenic differentiation (Pei et al., 2008). Primarily, 

WIN-2’s ability to increase collagen type II’s expression, encouraged monolayer 

cultures to simulate the in vivo conditions encouraging cells to show a rounder 

chondrocytic phenotype. 

Likewise, regardless of the treatment, chondrocytes expressed S100 protein confirming 

their chondrocytic phenotype. However, chondrocytes treated with the lower 

concentration of WIN-2 displayed the highest concentration of S100, whereas treating 

chondrocytes with the higher concentration of WIN-2 did not alter S100’s expression 

significantly. Interestingly, there is a direct correlation between collagen type II and 

S100 expression. The treatment that induced the highest concentration of collagen 
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typeII produced the highest concentration of S100 and vice versa. Contrarily, there is an 

inverse correlation between S100 and collagen’s type I expression. S100 may be 

considered as a chondrocytes differentiation marker and in that regard, Wolff et al. 

(2005) investigated the expression of S100 at different time intervals in a manually 

defected full thickness rabbit femoral condylar over a period of 120 days. S100 protein 

was present at higher levels in the early stages of the repair process.  The presence of 

S100 protein identified cells with chondrogenic phenotype, and the lack of S100 protein 

in other cells embedded in conventionally stained matrix suggested that these cells were 

no longer of a chondroid phenotype, especially that there was very low concentration of 

S100 in the hypertrophic layer from a fibrocellular surface layer (Wolff et al., 2005). 

The fact that this experiment was carried in vivo and gave results that agreed with our 

findings increases the possibilities of chondrocytes responding similarly to WIN-2 in 

vivo. Moreover, chondrocytes from normal cartilage specifically from perivascular areas 

of the neonatal articular cartilage and in the deep zone of the infant articular cartilage 

demonstrated a much stronger positive S100 staining compared to cells found in the 

intermediate zone (Sugimoto et al., 1991). The protein synthesising in the deep zone is 

greater than other regions (McGinty and Burkhart, 2003), where the chondrocytes are 

relatively large and have many intra-cytoplasmic filaments, Golgi bodies, abundant 

endoplasmic reticulum and glycogen granules (Slomianka, 2009). Also, in mild OA, 

S100 positive chondrocytes were only found in the intermediate zone, while they were 

found in clusters and metaplastic cartilage arising from bone marrow in severe OA 

(Sugimoto et al., 1991). Therefore, an increase in the expression of S100 indicates a rise 

in the metabolic activity of the cartilage matrix such as collagen and proteoglycan. 

Nonetheless, there is some evidence that S100 protein expression is upregulated in 
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osteoarthritic cartilage, and may promote cartilage degeneration by activating the 

Receptor for Advanced Glycation Endproducts (RAGE) signalling pathway (Yammani 

et al., 2006, Yammani, 2012). On the contrary, other studies have suggested that S100 

may increase cellular proliferation (Leclerc et al., 2007) and that RAGE is not a 

universal receptor for S100 protein in other cell types (van Lent et al., 2008, Kiryushko 

et al., 2006), which may apply to chondrocytes. In fact, S100 protein may have also 

contributed to the increase in the rate of wound closure rate associated with 1μM of 

WIN-2 treatment. Then again, many studies have highlighted S100 proteins 

proinflammatory activities, and their presence at elevated levels in serum and at 

extravascular sites in people affected with diverse inflammatory pathologies and 

infections (Foell et al., 2003, Vandal et al., 2003). In fact, S100 promote monocyte, 

neutrophils migration (Eue et al., 2000) and maybe involved in leukocyte migration 

(Ryckman et al., 2003). While in vitro raised levels of S100 proteins may have 

increased chondrocyte migration in the same way it did with other cell types, it may 

also increase the leukocytes in synovial fluid of the joints. This accumulation of 

leukocytes may cause a great loss of articular cartilage’s proteoglycan (Dayer and 

Bresnihan, 2002).  

It is well recognized that cellular interactions, such as cell migration, adhesion and 

invasion between cells and the extracellular matrix are facilitated by integrins. So, it is 

not surprising that not only collagen type II and S100 , but also fibronectin may 

promote chondrocyte migration (Shimizu et al., 1997). Likewise, data in the present 

report shows that the concentration leading to an increase in the rate of wound closure, 

chondrocyte differentiation and proliferation significantly elevated fibronectin secretion 

compared to control groups. Accordingly, chondrocytes motility was increased by an 
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average of 3.3-fold by coating Boyden chambers with 1 μg/ml of fibronectin (Chang et 

al., 2003). In other words, an increase in chondrocytes migration could be associated 

with an increase in the concentration of fibronectin. Nonetheless, fibronectin 

concentration was further increased, whereas wound closure rate and cell proliferation 

were notably reduced by increasing the concentration of WIN-2 from 1μM to 2μM. 

Essentially, fibronectin is an ECM protein that is mainly responsible for cell’s 

attachment to the ECM by binding to integrins on cell membrane (Shimizu et al., 1997). 

Consequently, an increase in adhesion would be expected with higher concentrations of 

fibronectin. Some studies have also suggested that some matrix components, such as the 

fibronectin related protein fibulin and proteoglycans decorin and versican, may provide 

migratory inhibitory signals (Kinsella et al., 2000, Landolt et al., 1995, Twal et al., 

2001). In agreement with this, other studies suggest cell migration is optimised by an 

intermediate degree of cell attachment and that very tight adhesion to the substratum 

reduces locomotive ability (DiMilla et al., 1993, Ware et al., 1998, Cox et al., 2001). 

Therefore, the highest migratory rate would be expected with the optimum and not the 

highest fibronectin expression. At the transcriptional level, fibronectin is one of the 

macromolecules that regulate matrix metalloproteinase like MMP-2 (Birkedal-Hansen 

et al., 1993). For example, activation of MMP-2 and MMP-9 were impressively down 

regulated for HT1080 fibrosarcoma cells cultured on fibronectin fragments compared to 

full length fibronectin (Steffensen et al., 2002). Other cancer cells showing the same 

behaviour, include breast cancer cells (Saad et al., 2002) and colon cancer cells (Ito et 

al., 2004). Cancer cells probably use the proteinase secreted by normal fibroblasts to 

facilitate tissue invasion. This does not mean that elevated levels of MMP-2 will 

increase normal cell migration, because cancer cells use this technique to induce self-
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destruction of normal tissue removing any barriers, and making it easier to invade.  

Then again, maybe this is what happens in arthritic joints, leading to self-destruction of 

cartilage. Support for this view comes from evidence indicating elevated levels of 

fibronectin and fibronectin fragments in arthritic synovial fluid (Barilla and Carsons, 

2000). Fibronectin fragments were found to act as proteinases themselves or encourage 

fibroblasts to produce metalloproteinases (Barilla and Carsons, 2000), whereas normal 

intact fibronectin failed to induce MMPs expression in periodontal ligament (Kapila et 

al., 1996), which is a connective tissue. Conversely, MMP-2 and other matrix 

proteinases were proven to promote fibronectin degradation (Hsu and Lai, 2007, Lu and 

Lai, 2013). This may explain the noticeable reduction in MMP-2 secretion caused by 

WIN-2 at a concentration of 1μM, which was further decreased by elevating WIN-2 

concentration to 2μM. In addition, WIN55,212-2 reduced the secretion of MMP-9  in a 

murine model of cigarette-smoke induced lung inflammation (Tauber et al., 2012), and 

MMP-2 and MMP-9 have similar substrates (Nyman et al., 2011). Therefore, our 

findings may suggest that cannabinoids have antitumorigenic effects (Sarfaraz et al., 

2007, Freimuth et al., 2010) because they reduce MMPs secretion and hence reducing 

healthy tissue invasion by sarcoma cells. Moreover, purified type-II collagen was 

cleaved by MMPs that are known to occur naturally (Deemter et al., 2009), and MMP-2 

has been described as a collagenase (Bigg et al., 2007, Vankemmelbeke et al., 1998). 

Yet, the lowest concentration of MMP-2 recorded did not correlate with the highest 

concentrations of the two collagens examined. Chondrocytes treated with 2μM of WIN-

2 secreted lower concentrations of collagen type II, while reducing wound repair rates 

and cell proliferation, compared to control groups. This is probably due to reducing cell 

vitality (as mentioned in the previous chapter), which will in turn reduce the protein 
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expression. On the other hand, in vitro, osteosarcomic cells attachment to monomeric 

collagen type I increased the amount of fully active MMP-2 independently to S100 

expression, by elevating TIMP-1 levels, while attachment to 3D fibrilar collagen type I 

had an inverse effect (Elenjord et al., 2009). This may appear to partly disagree with our 

findings, nevertheless, the fact that higher levels of collagen type I was associated with 

lower levels of MMP-2 increases the relevance of our findings to 3D tissue models. In 

the previous chapter, ethanol treated cells (-ve control) showed a higher wound closure 

rate compared to control groups. In vitro, ethanol at 25mM was also found to reduce 

smooth muscles expression of MMP-2 by 10% (Fiotti et al., 2008). Treating 

chondrocytes with WIN-2 reduced MMP-2 expression by ~23.6% (1μM) and 51.6% 

(2μM). Therefore WIN-2 effect on chondrocytes expression of MMP-2 was mainly due 

to WIN-2, because the reduction in MMP-2 caused by WIN-2 dissolved in ethanol was 

2 times and 5 times greater than the much higher concentration of ethanol’s effect alone. 

NO levels were nearly the same for the three treatments at zero hours. This was most 

likely released by damaged chondrocytes (Im and Shin, 2002). WIN-2 at both 

concentrations used in this work managed to greatly reduce NO expression after 4 hours 

and until the end of monitoring time, in a dose dependent manner. At low 

concentrations, ethanol was found to reduce NO secreted by endothelial cells (Deng and 

Deitrich, 2007, Venkov et al., 1999). In other words, ethanol may have had an inverse 

effect on NO expression compared to WIN-2. CB2 receptor agonists may stimulate anti-

inflammatory healing reactions in activated microglia by inhibiting pro-inflammatory 

induced production of NO (Merighi et al., 2012). Similarly, WIN-2 and cannabinol 

induced inhibition of NO that was reduced in a dose related manner by CB1 receptor 

antagonist, but not CB2 receptor antagonist (Esposito et al., 2001). These observations 
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together with findings from this chapter and previous chapter suggest that WIN-2 may 

inhibit NO expression, by activating the function of CB1 receptor.  

3.6. Conclusion  

Treating chondrocytes with 1μM of WIN-2 encouraged chondrocyte monolayers to 

secrete significantly larger quantities of collagen type II, S100 and fibronectin, while 

significantly reducing collagen type I expression. Also, it promoted chondrocytes to 

show rounder chondrocytic morphology (as mentioned in previous chapter). In other 

words, it may have induced chondrocyte differentiation. These effects together with its 

ability to reduce inflammatory mediators could be very beneficial to cartilage wound 

healing strategies, promoting healthier cartilage tissue regeneration, while reducing 

inflammation and pain. On the other hand, these results need to be verified by studying 

its effects in vivo or on a 3D cartilage model. 
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CHAPTER 4 

THE EFFECT OF WIN55, 212-2 ON THE PROTEIN EXPRESSION OF 

CHONDROCYTE CELL SHEETS. 
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4.1. Introduction 

Cells are normally detached from culture flasks or dishes using trypsin, which 

enzymatically digests ECM proteins and may cause some damage to the cell adhesion 

molecules (CAMs) during the detachment procedure. Obtaining cell sheets with natural 

ECM proteins would be a great advantage for tissue engineering methods.  

Poly (N-isopropylacrylamide) PIPAAm exhibits a lower critical solution temperature 

(LCST) at 32°C in pure water and 25°C in physiological phosphate buffered saline 

solution, which has a pH of 7.4 (Nagase et al., 2009).  Grafted PIPPAm surface exhibits 

hydrophilic properties below LCST and hydrophobic properties above LCST (Okano et 

al., 2006). Therefore, it is extensively dehydrated and compact at temperatures above 

LCST enabling full attachment of cells without affecting cell growth. Nonetheless, at 

temperatures below LCST it becomes fully hydrated encouraging active cells 

detachment without destroying the surrounding ECM (Okano et al., 2006). Harvested 

cell sheets can then be stacked to produce a multi-layered contiguous cell sheet with 

retained ECM, cell-cell junctions and adhesion proteins (Mitani et al., 2009). This is 

likely to produce chondrocyte sheets with a consistent cartilaginous phenotype and 

adhesive proteins, making it a much closer representation of natural cartilage, compared 

to chondrocyte monolayers. Furthermore, fibronectin was located in the periphery of the 

triple layered chondrocyte cell sheet and collagen type II was observed in the peri 

cellular matrix, but integrin α10 was distributed diffusely throughout the chondrocyte 

triplet sheets (Mitani et al., 2009). This makes it a great simulation of the superficial 

zone of articular cartilage especially in that the superficial zone has flat chondrocytes 

and a network of parallel collagen type II fibres (Clifford, 2010).  
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Some treatments for articular cartilage have addressed full thickness defects such as the 

transplantation of cultured chondrocytes and Osteochondral allograft transplantation 

(Sato et al., 2013, Jungmann et al., 2012). However, to overcome osteoarthritis, partial 

thickness defects of articular cartilage must be further investigated. It is considerably 

more challenging to repair a partial thickness defect as few repair cells can target such 

injured sites (O'Driscoll., 1998). For these reasons, the effect of the synthetic non-

specific cannabinoid WIN-2 on a chondrocyte cell sheet was investigated in order to 

determine whether or not WIN-2 may influence chondrocyte behaviour in 3D in vitro 

environment.  

4.2. Aims and objectives  

Determine the difference in phenotype between chondrocytes cultured in monolayers, 

and triple-layered chondrocyte cell sheets. Verify the results achieved in previous 

chapters, by further investigating the effect of WIN-2 on pseudo 3D cartilage tissue 

expression of collagen type II, collagen type I, S100 and fibronectin proteins. This will 

provide a clearer image on WIN-2s potential in the treatment of damaged articular 

cartilage.  

4.3. Materials and methods 

4.3.1. Chondrocyte cell sheets preparation 

A mixture of high glucose (4500mg/l glucose) Dulbecco’s modified eagle medium and 

Ham’s F12 (DMEM/Ham’s F12, 1:1; PromoCell, UK) without L-Glutamine was used 

as the culture media after adding 5ml of L-glutamine (SIGMA- ALDRICH, UK), 5ml of 



113 
 

penicillin streptomycin (SIGMA- ALDRICH, UK), 1ml of Fungizone (SIGMA- 

ALDRICH, UK) and 50 ml of fetal bovine serum (FBS; SIGMA- ALDRICH, UK). 

Cells were cultured in UPCELL culture dishes supplied by Thermo Scientific, UK. 

UPCELL culture dishes have temperature dependent surfaces, thus the culture media 

used was pre-warmed to 37°C. Cells were cultured up to the 3rd passage, trypsinized and 

resuspended in pre-warmed media. Cells were seeded at a density of 50,000 cells/ml 

(1.56 x 104 cells/cm2) into UPCELL culture dishes as well as normal culture dishes with 

the same diameter (3.5cm). The cells reached 90% confluency after four days of 

culturing in a humidified atmosphere at 37°C and 5% CO2. During this period the 

culture media was changed once. To remove the chondrocyte sheets from the first 

UPCELL dish, the media was removed, cells were washed twice with HBSS pre-

warmed to 37°C. A polyvinylidene difluoride (PVDF) transfer membrane was placed on 

top of the cells using forceps as shown in Figure 4.1 a. A single drop of HBSS was then 

left inside the dish to promote adhesion of the PVDF transfer membrane to the 

chondrocyte.  The culture dish was then incubated at room temperature (25ºC) for 30 

minutes, and forceps was used to separate the cell sheet from the culture dish’s walls. 

This enabled the harvesting of confluent cultured chondrocytes as a single contiguous 

cell sheet retaining cell–cell junction as well as deposited ECM on the basal side 

(Figure 4.1 c). The chondrocyte sheet was laid onto the 2nd confluent chondrocyte sheet 

cultured in an UPCELL dish (Figure 4.1 d). Thereafter, the 2 chondrocyte sheets were 

covered with 1 drop of HBSS and the PVDF membrane (plus the first sheet of cells) 

was allowed to adhere to the cell layer grown on the second UPCELL dish for 30 

minutes at room temperature (25ºC) before detachment from that culture dish.  
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(a) (b) 

(c) (d) 
Figure 4. 1 Transferring cell sheet from one petridish to another, (a) Placing the PVDF 

membrane on the cell sheet, (b) Separation of the cell sheet from the walls of petri 

dish, (c) Confluent cultured chondrocytes were harvested as a single contiguous cell 

sheet retaining cell–cell junction as well as deposited ECM on the basal side and (d) 

The chondrocyte sheets and thereafter adhering to other cell sheets. 

The steps described in Figure 4.1 were repeated to harvest 2 contiguous adhered 

chondrocytes sheets. This double layered chondrocyte sheet was placed on top of a 
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chondrocyte monolayer cultured in normal petri dishes and immersed in 3ml of culture 

media to achieve a tripled layered chondrocyte sheet. Since The multilayered sheets 

were floated in the culture medium and to prevent this process a 0.4μm cell culture 

insert (Falcon, USA) was placed on the top layer and then the culture of the sheets was 

continued at 37ºC in humidified atmosphere with 5% CO2. 

 

4.3.2. Surface area measurements of chondrocytes cultured in 

monolayers and multilayers 

As the cell sheets required time to achieve full attachment using adhesion molecules, it 

was not possible to monitor the cell sheets for the first 24 hours. Cells were imaged 

using an inverted phase contrast microscope (Optika, XDS-2), and images were 

recorded every 24 hours throughout a period of 72 hours. For each image a 

distinguished spot was established, 20 cells were chosen and their visible surface areas 

were calculated using Image J software. Averages of the measured areas were 

calculated ( ± SD) for each time interval and were compared with chondrocyte 

monolayer cell cultures at 0 minute up to 72 hours, to investigate any cell morphology 

changes. This experiment was repeated 3 times to achieve 60 values for each case. 

4.3.3. ELISA based method for detection of collagen type II, collagen 

type I, fibronectin and S100 for multilayer chondrocyte sheets 

Twelve triple-layered chondrocyte sheets were prepared in petridishes, as previously 

described and maintained for 72 hours, to allow the production of homogenous pseudo 

3D cartilage tissue. One of the petridishes was left untreated (control), and the other two 
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were treated with synthetic cannabinoid WIN55, 212-2 (WIN-2; SIGMA- ALDRICH, 

UK) at final concentrations of 1μM and 2μM. The three petridishes were incubated for 

another 16 hours at 37ºC in humidified atmosphere with 5% CO2, where four samples 

were prepared for each treatment. Cells were then fixed by incubating at room 

temperature with 4% formaldehyde (SIGMA- ALDRICH, UK) for 5 minutes. 

Following 3 washes with HBSS, any endogenous peroxide was quenched using 3% 

hydrogen peroxide (SIGMA- ALDRICH, UK) for 5 minutes, and then washed with 

HBSS.  In order to prevent non-specific binding, cells were incubated at room 

temperature for 15 minutes in 1% BSA (SIGMA- ALDRICH, UK) solution, and 

washed at the end of the 15 minutes twice with HBSS. 5μl of the primary antibody 

solutions (as previously described in section 3.3.1.2.1.) were added to each of the cell 

containing wells.  Anti-collagen type II antibodies (SIGMA- ALDRICH, UK) solution 

was added to three petri dishes; the 1st petridish was untreated (control), the 2nd petridish 

was treated with 1μM WIN-2 and the 3rd was treated with 2μM WIN-2. Similarly, Anti-

collagen type I, anti-S100 and anti-fibronectin antibodies (SIGMA- ALDRICH, UK) 

solutions were each added to the three different treatments. The cells were incubated 

with these solutions for 3 hours, followed by 3 times washing with HBSS each time for 

5 minutes. The secondary anti-mouse IgG peroxidise conjugate (8μg/ml) (SIGMA- 

ALDRICH, UK) was added for a further 30 minutes at room temperature.  

Tetramethylbenzidine (TMB; SIGMA- ALDRICH, UK) substrate was then applied and 

absorbance readings were measured at 630nm after 10minutes incubation. This 

experiment was repeated three times, giving a total of 3 readings for each different 

group.   
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4.4. Results 

4.4.1. Surface area measurements of chondrocytes cultured in 

monolayers and multilayers 

Images recorded for primary chondrocyte multi-layer cell sheets clearly demonstrated a 

reduction in visible cell surface area. This reduction was undoubtedly visible after 24 

hours from the initial layering of the chondrocytes cell sheets, as cells demonstrated 

more rounded and less elongated morphology compared to chondrocytes cultured in 

monolayers.  

As shown in Figures 4.2 and 4.4, chondrocytes cultured in monolayers showed a very 

minimal reduction in surface area after 72 hours of reaching confluency. When cell 

sizes were measured at 0 hours the average cell size was 26.4μm2 ± 2.4SD. After 72 

hours, the average chondrocytes surface area was slightly smaller at 25.5μm2 ± 2.1SD 

(P<0.05), which is 96.8% the initial cell size. This is probably due to the increase in cell 

number giving cells less areas to spread. A large number of shiny cells were also visible 

in both cases, but they appeared to be greater in numbers after 72 hours, suggesting 

more dead un-attached cells. 
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(a) (b) 
Figure 4. 2 Images of chondrocytes monolayers after (a) 0 hours and (b) 72 hours. A 

large number of shiny cells are visible in both cases, but they appear to be greater in 

numbers after 72 hours [Scale bar 100μM]. 

 

The 3 arrows in Figure 4.3 are pointing at the same cell in the 3 images, but after 

different time intervals. Cell’s surface area is visibly shrinking in a time dependant 

manner. The red circles are surrounding a gap forming between chondrocytes. This 

could be caused by cells migrating vertically in the culture, and slowly migrating out of 

focus. Unlike chondrocytes cultured in monolayers, the average surface area of cells 

sheets was significantly smaller than the 2D cells at 0 hours and even after 24 hours 

(Figures 4.3 and 4.4). The average cell size was 22.6μm2 ± 2.4SD (P<0.05), which is 

85.8% of the initial monolayer cell size. Cells continued to significantly shrink after 48 

hours to 21.4μm2 ± 1.9SD (P<0.01) making them 81.1% of the initial measured surface 

area of cells cultured in monolayer. At 72 hours, cells were 73.3% of the size of 

chondrocytes cultured in monolayers with 19.3μm2 ± 1.8SD (P<0.001) surface area. 
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Figure 4. 4 Visible surface area of chondrocytes in monolayer and multilayers the 

data represents ( ± SD) (n=60). 

Table 4. 1 Visible surface area and percentage in surface area reduction ( ± SD) of 

chondrocytes in monolayer and multilayer. 

 2D (0hrs) 2D (72hrs) 3D (24hrs) 3D (48hrs) 3D (72hrs) 

Surface 

Area(μm2) 

26.4 ± 

2.4SD 

25.5 ± 

2.1SD 

22.6 ± 

2.3SD 

21.3 ± 

1.9SD 

19.3 ± 

1.8SD 

Surface area 

reduction,% 

100% 96.8% 85.8% 81.1% 73.3% 
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4.4.2. Detection of collagen type II secreted by chondrocyte cell sheets 

treated with 1μM and 2μM of WIN55, 212-2 using an ELISA based 

method 

Figure 4.5 and Table 4.2 show absorbance readings at 630nm for each of the 3 different 

treatments. For the 3 treatments, the level of collagen type II expressed by the 

chondrocyte cell sheets is much higher than collagen type-II expressed by chondrocyte 

monolayers. For example, the optical density (OD) of collagen type II secreted by 

untreated chondrocytes monolayers was 0.275 ± 0.008SD, whereas untreated cell sheets 

exhibited an OD of 0.498± 0.013SD. In other words, the concentration of collagen type 

II secreted by untreated chondrocytes monolayers was 44.78% lower than that 

expressed by untreated chondrocyte cells sheets. Also, the optical density readings 

agreed with the values recorded in the previous chapter. Unsurprisingly, WIN-2 1μM 

treatment induced the highest OD reading at 0.590 ± 0.018SD, which was ~ 15.6% 

higher than the readings produced by control groups (0.498± 0.013SD) (P<0.05). On the 

other hand, collagen type II deposition was reduced by ~ 17.3% in comparison to 

control treatment (P<0.05) and gave a reading of 0.4102± 0.019SD following treatment 

with WIN-2 at a concentration of 2μM. 

Table 4. 2 Optical density readings at 630nm ( ± SD) following immunoperoxidase staining 

of chondrocyte cell sheets deposited Collagen type II following 16 hours incubation for 

control, 1μM WIN-2 and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.498± 0.013SD 0.590 ± 0.018SD 0.4102± 0.019SD 
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Figure 4. 5 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited Collagen type II following 16 hours 

incubation for 1μM WIN-2, 2μM WIN-2 and control (*= p<0.05) (n=3). 

 

 
4.4.3. Detection of collagen type I secreted by chondrocyte cell sheets 

treated with 1μM and 2μM of WIN55, 212-2 using an ELISA based 

method 

Similarly, immunoperoxidase staining results recorded in the previous chapter for 

chondrocytes monolayers were confirmed.  Collagen type I was expressed the most by 

untreated chondrocytes cell sheets with an optical density reading of 0.102 ± 0.008SD. 
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This value is ~24.5 % higher than the 0.077 ± 0.004SD produced by cells treated with 

1μM WIN-2 (P<0.05). Similarly, chondrocytes treated with the higher concentration of 

WIN-2 expressed a lower optical density reading, but it was only ~ 10.8% lower than 

control conditions at a value of 0.091 ± 0.006SD (P<0.05) (Figure 4.6 and Table 4.3). It 

is also apparent that the levels of collagen type I expressed in chondrocytes monolayers 

is much higher than pseudo 3D cartilage tissue. For instance, untreated chondrocytes 

monolayers produced an optical density of 0.210 ± 0.010SD. This value is ~ 51.4% 

higher than the value produced by chondrocytes sheets. 

Table 4. 3 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited Collagen type I following 16 hours 

incubation for control, 1μM WIN-2 and 2μM WIN-2. 
Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.102 ± 0.008SD 0.077 ± 0.004SD 0.091 ± 0.006SD 
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Figure 4. 6 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited Collagen type I following 16 hours 

incubation for 1μM WIN-2, 2μM WIN-2 and control (*= p<0.05) (n=3).. 
 

4.4.4. Detection of S100 secreted by chondrocyte cell sheets treated 

with 1μM and 2μM of WIN55, 212-2 using an ELISA based method 

Like collagen type II, triple layered chondrocyte sheets secreted higher values of S100 

compared to chondrocyte monolayers. S100 protein expressed by untreated chondrocyte 

sheets (0.614 ± 0.042SD) was ~16.9% higher than untreated chondrocyte monolayers 

(0.510 ± 0.021SD).  Multi-layered chondrocyte sheets treated with low concentration of 

WIN-2 produced the highest optical intensity. This OD was 0.732 ± 0.038SD, which 
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was ~ 16.2 % higher than control groups (0.614 ± 0.042SD) (P<0.05). Likewise, these 

results agree with Immunofluorescence results (Figure 4.7 and Table 4.4). 

 

 

 

Figure 4. 7 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited S100 following 16 hours incubation 

for 1μM WIN-2, 2μM WIN-2 and control (*= p<0.05) (n=3). 
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Table 4. 4 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited S100 following 16 hours incubation for 

control, 1μM WIN-2 and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.614 ± 0.042SD 0.732 ± 0.038SD 0.536 ± 

0.0326SD 

 

 

4.4.5. Detection of fibronectin secreted by chondrocyte cell sheets 

treated with 1μM and 2μM of WIN55, 212-2 using an ELISA based 

method 

As shown in Figure 4.8 and Table 4.5, once again, fibronectin immunoperoxidase 

staining results were in agreement with the values of the previous chapter, but at higher 

levels. The lowest expressions were for untreated cells producing an optical density 

reading of 0.442 ± 0.021SD. This value is ~ 42.3% higher than the value produced by 

chondrocytes monolayers treated with the same treatment (0.225 ± 0.011SD). The 

highest reading was produced by chondrocyte sheets treated with 2μM WIN-2 (0.632 ± 

0.025SD), which was ~ 30.1% higher than untreated cells (P<0.05). In the same way, 

treating chondrocytes with 1μM of WIN-2 increased the secretion of fibronectin by ~ 

23.4 % (P<0.05), where the optical density value was 0.577 ± 0.019SD. 
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Figure 4. 8 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited fibronectin following 16 hours 

incubation for 1μM WIN-2, 2μM WIN-2 and control (*= p<0.05) (n=3). 

 

Table 4. 5 Optical density readings at 630nm ( ± SD) following immunoperoxidase 

staining of chondrocyte cell sheets deposited fibronectin following 16 hours 

incubation for control, 1μM WIN-2 and 2μM WIN-2. 

Treatment Control WIN-2 (1μM) WIN-2 (2μM) 

Optical density 

readings 

0.442 ± 0.021SD 0.577 ± 0.019SD 0.632 ± 0.025SD 
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4.5. Discussion 

The superficial zone or the tangential zone of articular cartilage has the highest 

concentration of collagen type II fibres running tangent to the articulating surface 

(Clifford, 2010). This gives cartilage its high ability to resist shear stresses (Borg, 

2010), and enables it to act as a protective barrier reducing larger molecular exchange 

between cartilage and synovial fluid (McGinty and Burkhart, 2003). Furthermore, it has 

a low number of chondrocytes with very poor metabolic activity (Andrew et al., 2005) 

making it the first zone to deteriorate due to osteoarthritis  (OA) (Saarakkala et al., 

2010). Once damaged, the underlying layers are destroyed causing unbearable pain and 

reducing mobility. For these reasons, it would be much more efficient to treat cartilage 

degeneration as soon as the superficial zone disruption begins.  

The tangential zone’s lacunas typically hold chondrocytes that are more flattened in 

shape (Pavelka and Roth, 2010, Meyer and Wiesmann, 2006b), and the collagen fibres 

are oriented parallel to the surface of the cartilage (Clifford, 2010). As mentioned 

earlier, cells cultured in monolayers assume a flattened morphology creating a network 

of collagen fibres parallel to the culture dish surface. As a result, layering monolayer 

chondrocyte cell sheets on top of each other will produce a tridimensional culture with 

parallel oriented collagen fibres. Additionally, multi-layered chondrocyte sheets express 

higher levels of cartilage markers such as collagen type II, SOX9, collagen type 27, 

integrin α10 and fibronectin (Mitani et al., 2009). Therefore, the produced chondrocytes 

sheets can be used as a more representative model of the tangential zone, which will 

give a clearer insight on the tangential zone’s behaviour in vitro, if treated with WIN-2.   

Culturing chondrocytes in a 3D environment encourages chondrocytes to demonstrate a 

rounder and more condensed morphology expressing more chondrocytic markers 
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(García-Giralt et al., 2013) compared to cells cultured in monolayers. In agreement with 

this, creating the multi-layered chondrocyte sheet provoked cells to exhibit a rounder 

morphology, while gradually reducing the visible surface area over time.  

As demonstrated in the results, the non-specific synthetic cannabinoid WIN-2 induced 

effects on the protein expression of chondrocytes cell sheets that were similar to those 

seen in chondrocyte monolayers. Nonetheless, collagen type II, S100 and fibronectin 

were expressed at higher concentrations, whereas collagen type I was expressed at a 

lower concentration compared to chondrocytes monolayers.  This indicates that 

culturing chondrocytes in triple-layers improved the chondrocytic phenotype of the 

cultured cells. This could be due to many reasons. For instance, a study carried out by 

Kaneshiro et al. (2006) using human chondrocytes in vivo, showed a significant 

reduction in the inflammation markers MMP3, and a disintegrin and metalloproteinase 

with thrombospondin motifs 5 (ADAMTS5) in the three layered chondrocyte sheet 

compared to the monolayer sheet (Kaneshiro et al., 2006). Matrix proteinases were 

proven to promote fibronectin degradation (Hsu and Lai, 2007, Lu and Lai, 2013) and 

are known for their high ability to cleavage collagens (Deemter et al., 2009). Thus, 

culturing chondrocytes in triple-layered sheets reduced MMPs, which promoted 

healthier cartilage tissue. However, unlike natural hyaline cartilage, collagen type I was 

still present in the 3D sheets, which was also found to be the case by others (Mitani et 

al., 2009), and collagen type I is primarily expressed in fibrocartilage (Slomianka, 

2009). This limits the representation of the produced cell sheets to the superficial zone 

of articular cartilage.  

As cell sheets can be harvested with the ECM and adhesion factors intact, it should in 

theory be possible to build up multiple layers of chondrocytes with ease.  However, it 
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has been reported that the thickness of fabricated rabbit myocardial cell sheets cannot be 

increased above 3 layers in vitro because of the inadequate nutrition received by thicker 

sheets (Shimizu et al., 2006). It was also demonstrated that in vivo conditions the 

thickness of fabrication cannot be increased above 1mm in myocardial tissues by 

repetitive allografts of cell sheets (Shimizu et al., 2006). On the other hand, this 

limitation may not apply to cartilage tissue, thus, further investigation regarding this 

issue needs to be carried out both in vivo and in vitro. 

4.6.  Conclusion 

WIN-2 (1μM) encouraged chondrocytes cultured in monolayer and pseudo 3D cartilage 

tissue to express larger quantities of collagen type II, fibronectin and S100, while 

reducing collagen type I expression. Chondrocytes cell sheets treated with 1μM WIN-2 

may therefore be expected to promote scar less wound healing of cartilage, if used to 

treat superficial degeneration or as a plug instead of the periosteum plug currently used 

with ACI. Further in vivo trials would be required to confirm these potentials, especially 

that its anti-inflammatory, immunosuppressive and analgesic properties have been 

confirmed.  
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Findings 

Since WIN55, 212-2, has affinity to both cannabinoid receptors CB1 and CB2, HU-308 

is a CB2 agonist and URB602 is a CB1 agonist and both receptors have been identified 

on chondrocytes (Mbvundula et al., 2006), the effects of these synthetic cannabinoid on 

chondrocytes should therefore be similar. However, a clear difference was observed 

between WIN-2 effect and the effect of the other two cannabinoids on chondrocytes 

monolayers, cell proliferation and cell size. The synthetic cannabinoids WIN55, 212-2 

(1μM), HU-308 (500nM) and URB602 (1μM) increased the rate of wound closure to 

8.86%/h, 6.32%/h and 6.23%/h respectively from 5.89%/h for control treatment. 

However, treating the cells with HU-308 (500nM) and URB602 (1μM) decreased the 

rate of wound closure compared to the negative control treatment. Furthermore, 

chondrocytes response to WIN-2 was not significantly altered when the CB2 antagonist 

AM-630 was added. This strengthens the fact that WIN-2 does not act on chondrocytes 

via CB1 or CB2 receptors.  

Treating chondrocytes with 1μM of WIN-2 seemed to have the greatest effect on 

chondrocytes monolayers. Not only did it significantly increase the rate of wound 

closure compared to all the other treatments, but it also increased cell proliferation 

significantly. Increasing cell migration and proliferation could be of great advantage, 

especially in superficial wounds. In these types of wounds cells are not able to stimulate 

adjacent cells making it impossible for these defects to heal. Hence, increasing 

chondrocyte migration and proliferation might increase articular cartilage’s ability to 

heal.  
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Treating chondrocytes with WIN-2 also reduced the cultured cell lengths, indicating a 

more rounded and less elongated morphology signifying a more chondrocytic 

phenotype as reported also by others (Pei et al., 2008, Schnabel et al., 2002, Gigout et 

al., 2008). Normally, the healing tissue is fibrocartilage produced by dedifferentiated 

chondrocytes (fibrocytes). This tissue has inferior mechanical properties, so it cannot 

withstand the high shear, tensile and compressive loads that articular cartilage 

undergoes. Encouraging a more chondrocytic morphology will increase cartilage’s 

ability to heal with no scars improving the quality of the healed tissue making it an 

efficient replacement for the damaged tissue.  

In comparison, treating chondrocytes with 2μM of WIN-2 dramatically reduced the 

wound closure rate, cell proliferation and lengths, where a great number of cells were 

shiny at the borders, suggesting lack of full attachment. This is expected to reduce cell-

cell and cell to ECM interactions limiting β-1 integrin mediated adhesions to ECM, 

accordingly, increasing cell apoptosis and reducing cell migration (Mbvundula et al., 

2006, Hood JD, 2002).   

These preliminary results, therefore, indicate that synthetic cannabinoid WIN-2 may 

have beneficial wound healing properties and that WIN-2 at concentration of 2μM or 

higher may induce cell apoptosis. 

As reported in chapter three, chondrocytes secretions of collagen type II, S100 and 

fibronectin were significantly increased, whereas collagen type I expression was 

significantly reduced compared to untreated cells, and in response to the 1μM treatment 

of WIN-2. Collagen type II is widely expressed in articular cartilage (Pei et al., 2008, 

Schnabel et al., 2002, Gigout et al., 2008), nevertheless, chondrocytes tend to 
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dedifferentiate to fibroblast-like cells expressing collagen type I when cultured in 

monolayers (Boubriak et al., 2009). Unlike proteoglycans, chondrocytes find it 

extremely difficult to replace the damaged collagen type II. Therefore, increasing 

chondrocytes secretion of collagen type II may significantly improve the healing 

process. S100 is also used as a chondrocytic marker (Meyer and Wiesmann, 2006b), 

while fibronectin promotes cell migration, adhesion, differentiation and growth (Pankov 

and Yamada, 2002). For these reasons, treating chondrocytes with 1 μM of WIN-2 may 

be used to improve current cartilage repair strategies by reducing the formation of 

fibrocartilage and increasing the synthesization of articular cartilage by inducing 

chondrocytes differentiation. This could be particularly important due to the loss and 

abnormal remodelling of the cartilage extracellular matrix, including collagens, 

proteoglycans, and non-collagen proteins, causing the critical pathogenic events of 

osteoarthritis (Goldring and Marcu, 2009). However, this improvement in collagen type 

II secretion does not necessarily mean healthier cartilage tissue.  

WIN-2 was also found to significantly reduce matrix metalloproteinase-2 (MMP2) and 

nitric oxide (NO) expressions compared to untreated cells. MMP2- is upregulated in 

arthritic joints causing the cleavage of collagen type II by repressing extracellular 

matrix (ECM) genes in chondrocytes changing the physiology of joints (Kapoor et al., 

2010), hence resulting in the damage of both cartilage and underlying bone. NO has 

also been implicated in cartilage tissue injury in a variety of diseases such as 

osteoarthritis (Amin and Abramson, 1998) and it is known to inhibit the synthesis of 

collagen, procollagen and β-1 integrin-dependent adhesion to the ECM enhancing 

chondrocytes apoptosis (Amin and Abramson, 1998, Abramson, 2008a). This suggests 
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that WIN-2 may be able to improve cartilage wound healing by reducing inflammation 

factors, while reducing pain and improving the quality of life for patients.  

Similar results were found in the pseudo 3D cartilage tissue.  The presence of cartilage 

phenotypic markers collagen type II, S100, and the adhesion molecule fibronectin in 

triple-layered chondrocyte sheets could be an indication that cell-sheet technology may 

provide a new way to treat articular cartilage regeneration by using three-dimensional 

tissue (constructed without using a scaffold), which has good adhesive properties to 

injured cartilage and to itself due to the presence of fibronectin and integrin α10 (Mitani 

et al., 2009). This method of culturing cells could have an advantage over clinical 

applications using biodegradable scaffold-based tissue engineering, where the latter is 

not suitable for the regeneration of cell-dense tissues, including cardiac muscle, liver 

and kidney (Mitani et al., 2009). In addition, seeded cells survive only on the periphery 

of the scaffolds due to the limited diffusion of nutrients such as oxygen and glucose, 

and waste metabolites (Mitani et al., 2009). There is a possibility that using 

chondrocytes cell sheets treated with 1μM of WIN-2 instead of the periosteum plug 

currently used with ACI may improve the mechanical properties of the healing tissue.  

For all the above reasons, the null hypothesis mentioned in the beginning was refuted. 

Limitations 

The experiments in this study were carried out in vitro, so chondrocytes tested are in a 

completely different environment. In vivo chondrocytes have limited access to nutrition 

and oxygen reducing their ability to respond to injuries. Unlike chondrocyte 

monolayers, cell density in articular cartilage is very low. The wounds were produced 

manually increasing the risk of human errors. The ability of chondrocytes to proliferate 

may have been increased by growth factors provided by the serum in the media and 
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their ability to perform metabolic activities may have also been increased by culturing 

the cells in 5% CO2. However, all the groups were cultured in the same conditions, yet, 

a variation was observed in their response to different treatments with synthetic 

cannabinoids. There is a possibility that migration of chondrocytes in monolayers may 

reflect their physiological behaviour in vivo. For example, the low wound closure rate 

may indicate low cartilage healing properties. The concentrations used may have not 

been the optimum concentrations.  In order to identify optimal working concentrations 

for each cannabinoid, tests would be needed at a range of concentrations for each 

variable (e.g. wound closure, proliferation) examined. This volume of experiments was 

not practical due to limited time in this work. The ethanol used as a solvent may have 

contributed to the variations recorded in proteins, NO and MMP-2 expressed by 

chondrocyte monolayers and sheets. However, WIN-2’s effect on the rate of wound 

closure, proliferation and chondrocyte size was significantly higher. Previous studies 

have also shown that in vitro, ethanol at 25mM reduces MMP-2 expression by only 

10% (Fiotti et al., 2008). This is less than half the reduction percentage caused by 1μM 

of WIN-2 (~23.6%), and the concentration of ethanol used in our work is much lower.   

Increasing the concentration of WIN-2 to (2μM), while using the same concentration of 

ethanol nearly doubled the reduction in MMP-2 expression (51.6%). Ethanol was also 

found to reduce NO (Deng and Deitrich, 2007, Venkov et al., 1999), whereas treating 

chondrocytes with WIN-2 significantly reduced NO expression. Although chondrocytes 

treated with 1μM and 2μM of WIN-2 were treated with the same concentration of 

ethanol (0.1%), their expression of collagen type I and II, fibronectin and S100 protein 

were significantly different. Hence, there is a very high possibility that ethanol’s 
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contribution to WIN-2’s effects on chondrocyte monolayers and cell sheets expressions 

were minimal.  

The measurements of cell size did not take into account the depth of the cells measured. 

This was standardised for all the treatments, yet, variation in cell size was observed.  

Chondrocytes in monolayer conditions are flat and collagen fibres are horizontally 

distributed in chondrocytes cell sheets. This is also the case in the superficial zone of 

articular cartilage, whereas chondrocytes are perpendicular and collagen fibres are 

vertical in the other zones of articular cartilage. Moreover, the superficial zone mainly 

consists of collagen fibres and not cells like the cell sheets produced in this work. 

Therefore, the results reported are more related to the superficial zone than any other 

zone of the articular cartilage. Though, the early detection of cartilage degradation and 

treating the damage in the tangential zone before it reaches the other zones of cartilage, 

increases the chances of a successful repair process.  

 

Future work 

Increasing cell migration and proliferation is very important at the early stages of 

wound healing, while encouraging cells to secrete larger quantities of ECM is more 

important at later stages. Therefore, it would be beneficial to determine the optimal 

concentration for each stage of wound healing. 

As previously mentioned, to compare effects of the three synthetic cannabinoids, a 

limited number of concentrations were used. It would be useful to identify the optimal 

working concentration for each cannabinoid and for each wound closure response and 

cell proliferation. After clarification of optimal working concentrations for each 

cannabinoid, the treatment that induced the highest wound closure rate and cell 
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proliferation should be further investigated. Also their influence on chondrocytes 

expression of proteins examined in this report and other cartilage proteins would give a 

clearer understanding of how chondrocytes respond to synthetic cannabinoids in vivo. It 

would also be useful to study ethanol’s effects on chondrocyte protein expression to 

identify its contributions in the variations recorded.  

Also, the effect of this treatment on cartilage defects in an animal model by using 

chondrocyte cell sheets instead of the periosteal flap normally used in autologous 

chondrocyte implantations to hold cultured chondrocytes in the defect, should be 

investigated and both histological and mechanical properties of the produced tissue 

should be compared with normal articular cartilage. 
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Effect of Different concentrations of (WIN55,212-2)  in Acceleration of 

MG-63 cell monolayer wound healing 

 
M. Genedy1.2, M. Youseffi1, F. Sefat1.2, A abdeldayem1.2 and M.C.T Denyer2 

1School of Engineering, Design & Technology, 2School of Life Sciences, University 

of Bradford, University of Bradford, BD7 1DP, UK 

Abstract: Despite the ongoing political debate regarding the legality of medical 
marijuana, clinical investigations of the therapeutic use of cannabinoids are now more 
prevalent than at any time in history. Cannabinoids have been shown to have analgesic, 
anti-spasmodic, anti-convulsant, anti-tremor, anti-psychotic, anti-inflammatory, anti-
oxidant, anti-emetic and appetite-stimulant properties. There are two receptors well 
known CB1 and CB2 that contribute to the action of cannabinoids and 
endocannabinoids as they both represent a distinctive role in the mediation and 
regulation in cannabis response. The purpose of this investigation was to study the rate 
of wound healing using a simple scratch assay wound model created on osteoblastic 
MG63 cell-line monolayer and also to investigate proliferation and differentiation in the 
presence of cannbinoid WIN55, 212-2. A wound was made (with average scratch width 
of 300μm±10-30μm SD, 1.7-5μm SEM) on confluent monolayer of osteoblastic MG63 
bone cells. After wounding, culture flasks were treated with a synthetic cannabinoid 
(WIN 55,212-2) with concentrations of 0.0006g/mL and 0.0009g/mL and a non-treated 
control flask was used as reference. It was found that in the groups of treated culture 
flasks aggregations of cells started to appear with a slight decrease in the inflammatory 
response prevalent according to the visualization of the number of dead cells on the 
wound edges and wound bed leading to a faster healing rate, thus it was proven that 
(WIN55,212-2) has a potential advantage in wound closure healing rate with an overall 
future potential in the field of bone tissue Engineering.    

 Keywords:MG63 Bone cell monolayer,synthetic cannabinoid (WIN 55,212-2), scratch 
assay wound model. 
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The Effect of Different Concentrations of (R)-(+)-WIN 55,212-2 on 

Wound Healing of Chondrocytes Monolayer 

 
A. Abdeldayem1, 2, M. Yousseffi1, S.A. Khaghani1, 2, M. Genedy1, 2 and M.C.T. 

Denyer2. 
1School of Engineering, Design & Technology-Medical Engineering, 

2School of Life Sciences, University of Bradford, West Yorkshire, BD7 1DP, UK 

 

Abstract: Number of studies has been conducted to highlight the anti-inflammatory and 

immunosuppressive properties of cannabinoids and also their potentials for prevention 

of cartilage degradation. Various wound healing techniques can be used to investigate 

the mechanisms of chondrocyte repair in monolayer or 3 dimensional tissue. Therefore, 

we investigated the effect of two different concentrations (0.6 and 0.9μg/ml) of the 

synthetic cannabinoid R (+) WIN55, 212-2 on the wound healing of chondrocyte 

monolayers using a simple scratch assay model. WIN55, 212-2 was found to increase 

both the migration and proliferation of chondrocytes cultured in a chondrogenic media, 

with increase in the wound closure rate. These findings highlight the potential use of the 

synthetic cannabinoid for improving the rate of wound closure as well as acting as an 

anti-inflammatory agent, which could be used to enhance tissue engineering protocols 

aimed at cartilage repair.  

 

Keywords: WIN55, 212-2, chondrocyte, monolayer, cartilage, cell migration, cell 

proliferation. 
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The Effect of Different Concentrations of Cannabinoid (WIN 55,212-2) 
on Wound Healing of Chondrocyte Monolayer 

A. Abdeldayem1, 2, M. Yousseffi1, and M.C.T. Denyer2 

1School of Engineering, Design and Technology-Medical Engineering Department 

2School of Life Sciences, University of Bradford, Bradford BD7 1DP, UK 

 

Abstract: Numbers of studies have been conducted to highlight the anti-inflammatory 

and immunosuppressive properties of cannabinoids and their potentials for prevention 

of cartilage degradation and repair have also been explored. Various wound healing 

techniques can be used to investigate the mechanisms of chondrocyte repair in 

monolayer or 3 dimensional tissues. In this study, the effect of two different 

concentrations (500nM and 1 μM) of synthetic CB1 and CB2 receptor agonist WIN55, 

212-2 (WIN- 2) on the wound healing of chondrocyte monolayers using a simple 

scratch assay wound model have been investigated. DMSO and ethanol were used as 

solvents and it was found that DMSO decreased the rate of wound closure for 

chondrocyte monolayers. On the other hand, using absolute ethanol at a concentration 

of 1μM was found to greatly increase both migration and proliferation of chondrocytes 

cultured in a chondrogenic media with an increase in the wound closure rate. Further 

increase in the rate of wound closure was observed by treating the cells with 500nM of 

the CB1 antagonist LY-320,135. These findings suggest the potential use of the 

synthetic cannabinoid for improving the rate of chondrocyte monolayer wound closure, 

which could be used to enhance cartilage repair. 

 

Keywords: Synthetic CB1 and CB2 Receptor Agonist: WIN55, 212-2, Chondrocyte 

monolayer, Scratch assay wound model, Cell migration and proliferation. 
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The Effect of Different Concentrations of the synthetic Cannabinoids 
WIN 55,212-2, URB602 and HU-308 on Wound Healing of 

Chondrocyte Monolayer 

A. Abdeldayem1, 2, M. Yousseffi1, and M.C.T. Denyer2 

1School of Engineering, Design and Technology-Medical Engineering Department 

2School of Life Sciences, University of Bradford, Bradford BD7 1DP, UK 

 

Abstract: Our previous study showed that the rate of wound closure for chondrocyte 
monolayer was increased by treating the chondrocytes with 1μM of the non-specific 
CB1 and CB2 agonist (WIN-2). In this study, the roles of diffrent cannabinoid agonists 
on the rate of chondrocyte wound closure have been investigated. Specifically, the 
effect of different concentrations of WIN55, 212-2 (WIN-2), CB1 receptor agonist 
URB602 and CB2 receptor agonist HU-308 with and without their antagonists on the 
wound healing of chondrocyte monolayers using a simple scratch assay wound model 
have been investigated. These synthetic cannabinoids were found to increase the rate of 
wound healing of chondrocyte monolayers at different rates as compared to controls. 
WIN55, 212-2 at a concentration of 1μM was found to increase both migration and 
proliferation of chondrocytes cultured in a chondrogenic media, with increase in the 
wound closure at the highest rate amongst the three cannabinoids used in work. It was 
also found that treating the cells with 2μM of any of the cannabinoids lead to a 
significant decrease in cell proliferation and the rate of wound closure. These findings 
indicate the potential use of the specific and synthetic cannabinoids for improving the 
rate of wound closure which could be used to enhance cartilage repair. 

Keywords: WIN55, 212-2, URB602, HU-308, AM630, LY-320,135, chondrocyte, 
monolayer, scratch assay technique, cell migration and cell proliferation. 
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The effect of HU308/TGF-β3 combination on MG-63 osteoblast wound 
healing 

 

M. Genedy1, 2, M. Youseffi1, A. Abdeldayem1,2 and M.C.T. Denyer2 

1School of Engineering, Design and Technology-Medical Engineering Department 

2School of Life Sciences, University of Bradford, Bradford BD7 1DP, UK 

Abstract: Endocannabinoids (ligands) and their receptors have been identified in the 
skeleton system. It has also been indicated that their functions in bone are 
physiologically regulated by CB2 receptors. The purpose of this investigation was to 
study the rate of wound healing using a scratch assay wound model created on MG63 
osteoblast bone cell-line monolayers and to investigate their proliferation and migration 
using CB2 agonist HU308 in combination with TGF-β3. It is well established that the 
process of osteoblast cell wound healing occurs in three distinct but overlapping stages: 
(1) The early inflammatory stage; (2) The repair stage; and (3) The late remodelling 
stage, thus the use of Inflammatory or cytotoxic medication during the 1st stage of injury 
may delay the inflammatory response which is termed the reactive phase that is 
responsible for the recruitment of various cytokines to the site of injury. One such 
cytokine is transforming growth factor-Beta3 (TGF-β3) which is most abundant in the 
regulation of bone osteoblast cells. Our finding suggested that proliferation rate with 
500nM HU308 was significantly higher than control and TGF-β3/HU308 combination 
groups (P<0.005). Interestingly, percentage of wound remained open after 15 hours for 
combination groups was 17.6%±1.32 whereas HU308 treatment groups had 20%±2.25 
indicating that the combination groups took the lead throughout wound healing. It was 
also observed that bridge formation in treatment groups was taking place between 15 to 
20 hour period whereas within control groups bridge formation started to take place 
after 25 hours. So far, this is the only investigation with CB2 HU308 selective synthetic 
cannabinoid in combination with TGF-β3 suggesting its synergistic role as a 
combination in the process of MG-63 osteoblast monolayer wound healing. 

Keywords: Cannabinoid, CB2- agonist, inflammatory, transforming growth factor, 
cytokines, migration, proliferation. 
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The effect of MONOGLYCEROL LIPASE INHIBITOR (URB602) on the 
healing acceleration of MG-63 osteoblast scratched monolayers 

 

M. Genedy1, 2, M. Youseffi1, A. Abdeldayem1,2 and M.C.T. Denyer2 

1School of Engineering, Design and Technology-Medical Engineering Department 

2School of Life Sciences, University of Bradford, Bradford BD7 1DP, UK 

 

Abstract: Endocannabinoid system is known to play an important role in the regulation 
of bone mass and bone remodelling (Idris and Ralston, 2010b). One of the main 
endocannabinoids in bone is 2-arachidonoylglycerol (2-AG). Bone osteoblast cells have 
been reported to express type 1 cannabinoid receptor (CB1), type 2 cannabinoid 
receptor (CB2), and orphan G protein coupled receptor 55 (GPR55) which has been 
found to be activated by some cannabinoid receptor ligands (Ross, 2009). However, 
GPR55 does not appear to play a role in regulating bone formation (Whyte et al., 2009). 
Interestingly, CB1 expression in osteoblasts and their precursors is expressed in low 
levels (Tam et al., 2006) and the 2-AG synthesizing enzymes DAGLα and DAGLβ are 
expressed in bone cells since blood 2-AG level is negligible. In the current study the 
effect of monoglycerol lipase (MGL) inhibiter URB602 was investigated on MG-63 
osteoblast scratched monolayers. It is known that MGL hydrolyzes 2-AG to arachidonic 
acid and glycerol, thereby terminating its biological actions. Our results showed that 
MGL inhibitor URB602 accelerated wound healing with concentration of 1μM and 
increased proliferation rate. In contrast, cell migration as indicated by the percentage of 
cell surface reduction, was highest for concentrations of 500nM and 2μM and decreased 
for concentration of 2μM. Immunofluorescence revealed fibronectin and collagen type I 
expression which are related to the mechanisms of wound healing, thus indicating the 
potential role of URB602 in regulation of bone formation.  

 

Keywords: Cannabinoids, Endocannabinoid, URB602, MG63 Osteoblast cell line,  
Immunofluorescence, Fibronectin, Collagen type I. 
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THE EFFECT OF CANNABINOID ON HEALING of SCRATCHAD HaCaT CELL 
MONOLAYER  

Nina Hönig1, M. Genedy1, 2, A. Abdeldayem1,2, M.C.T. Denyer2 and M. Youseffi1 

1School of Engineering, Design and Technology-Medical Engineering Department 

2School of Life Sciences, University of Bradford, Bradford BD7 1DP, UK 

Abstract: Cannabinoids are compounds from the marijuana plant and their receptors 
CB1 and CB2 have been found in epidermal keratinocytes of normal skin and can be 
modulated through specific ligands [Ständer S, et al, 2005]. Damaged cells secret nitric 
oxide (NO) into the wound area and excess NO inhibits the important proteoglycan 
synthesis necessary for efficient wound repair [Mbvundula EC, et al 2005]. It was also 
found that excessive amount of NO mediates inhibition of epithelial wound closure, 
especially by decreasing cell migration. This study showed that synthetic WIN55,212-2 
cannabinoid agonist inhibited NO production or at least reduced its negative effects. 
Addition of a cannabinoid antagonist was also found to affect the impact of 
WIN55,212-2, leading to further improved wound closure [Mbvundula EC, et al, 2005 
and Pertwee RG, 1997]. In this work the effect of WIN55,212-2 additions in two 
different concentrations of 1.0μg/ml and 1.5μg/ml using DMSO and ethanol as solvents 
on healing of scratched HaCaT cell monolayers have been investigated. Comparison 
was therefore made between the two solvents, i.e. DMSO and ethanol in terms of the 
wound healing process. The effect of antagonist LY320135 additive (1.5μg/ml in 
ethanol) in the presence of agonist WIN55,212-2 on the healing of scratched HaCaT cell 
monolayers was also investigated. Measurement of wound width was carried out every 
2 hrs over a period of 12 hrs for the above mentioned experiments. The first 2 hour 
interval showed slight decrease or even an increase in wound width and wound closure 
after the first 2 hour was regarded as almost linear. DMSO appeared to reduce wound 
closure and ethanol did not seem to affect wound closure significantly. The cannabinoid 
agonist WIN55,212-2 showed less wound closure after 12 hours than the control even in 
the presence of antagonist LY320135. It was therefore observed that reduction in 
contact inhibition lead to migration and proliferation of cells and that in the first 2 hours 
after scratching, there is an adjustment to the environment with removal of damaged 
border cells. DMSO was found to be an inefficient solvent due to its toxic impact on 
cells. 

Keywords: WIN55,212-2 agonist, LY320135 antagonist, Healing HaCaT cell 
Monolayer, Scratch assay, DMSO, Ethanol. 
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The Effect of Different Concentrations of synthetic Cannabinoid receptor 
2 agonist (HU-308) on Healing of scratched Chondrocyte Monolayers 

 

A. Abdeldayem1, 2, M. Genedy1, 2, M. Yousseffi1, and M.C.T. Denyer2 
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Abstract: Cannabinoids have anti-inflammatory effects with production of eicosanoids 

promoting the resolution of inflammation. Cannabinoid receptor type-2 (CB2) appears 

to be responsible for the anti-inflammatory and possibly other therapeutic effects of 

cannabis. Furthermore, CB2 has been identified on chondrocyte membrane. Our 

previous studies showed that treatment of chondrocytes with 1μM of the synthetic non-

specific CB1 and CB2 agonist WIN55, 212-2 (WIN-2) increased the rate of wound 

closure in a simple scratch assay model. In this study, the effect of three different 

concentrations of HU-308 with and without the synthetic CB2 antagonist AM630 on 

the rate of chondrocyte wound closure have been investigated. Chondrocytes were 

treated with 500nM, 1μM and 2μM of HU-308, and 500nM of HU-308 + 500nM of 

AM630. The rate of chondrocytes wound closure was measured and compared to those 

of untreated chondrocytes. Unlike  WIN-2, the concentraion that gave the higest wound 

closure rate was at 500nM. Furthermore, adding 500nM of the CB2 antagonist AM630 

to this concentration reduced the rate of wound closure suggesting that HU-308 may 

have acted via CB2 receptor pathway. On the other hand, the 1μM of HU-308 treatment 

decreased the rate of wound closure, and the 2μM treatment significantly decreased 

both cell proliferation and migration. 

Keywords: HU-308, AM630, Chondrocyte monolayer, Scratch assay technique, Cell 

migration and cell proliferation. 
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The Effect of Different Concentrations of URB602 on Healing of scratched 
Chondrocyte Monolayers 
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Abstract: Monoglycerol lipase (MGL) terminates the biological ability of endogenous 
cannabinoid receptor 1 (CB1), i.e. MGL hydrolyzes 2-Arachidonoyl Glycerol (2-AG) to 
arachidonic acid and glycerol, thereby terminating its biological actions. On the other 
hand, URB602 is a selective inhibitor of MGL, thus increasing the effects of 2-AG on 
CB1 receptors. Our previous studies showed that treating chondrocytes with 1μM of the 
synthetic non-specific CB1 and CB2 agonist WIN55, 212-2 (WIN-2) increased the rate 
of wound closure in a simple scratch assay model. In this study, the role of two different 
concentrations of URB602 with and without the synthetic CB1 antagonist LY-320,135 
on the rate of chondrocyte wound closure have been investigated. Chondrocytes were 
treated with 1μM and 2μM of URB602, and 1μM of URB602 + 500nM of LY-320,135. 
The rate of chondrocytes wound closure of  was measured and compared to those of 
untreated chondrocytes. Although treating chondrocytes with 1μM of URB602 
increased the rate of wound closure, it was not as significant as treating them with 1μM 
of WIN55, 212-2 (WIN-2). Furthermore, adding 500nM of the CB1 antagonist LY-
320,135 did not affect the rate of wound closure, suggesting that URB602 did not act 
via CB1 receptor pathway. On the other hand, treating chondrocytes with 2μM of 
URB602 lead to a significant decrease in cell proliferation and rate of wound closure. 

 
 
Keywords: Monoglycerol lipase, 2-Arachidonoyl glycerol, URB602, LY-320,135, 
chondrocyte, monolayer, scratch assay technique, cell migration and cell proliferation. 
 

The 23rd Annual International Cannabinoid Research Society Symposium on the Cannabinoids 
June 21 - 26, 2013 UBC Campus Vancouver, BC Canada 

 

 

 

 





 

 

The synthetic cannabinoid WIN55, 212-2 encourages chondrocytes dedifferentiation 

A. Abdeldayem1,2 M. Youseffi1, M. Genedy1,2 and M.C.T. Denyer2 
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Abstract – In vitro Chondrocytes lose their 
chondrocytic morphology producing collagen type 
I instead of collagen type II. In this study 
chondrocyte monolayers treated with 1μM of the 
synthetic cannabinoid WIN55, 212-2  produced 
more collagen type II, and less collagen type I 
compared to control groups. Furthermore, treated 
chondrocytes displayed round chondrocytic 
morphology, while control groups displayed a 
more elongated fibroblastic morphology. These 
results suggested that WIN55, 212-2 encouraged 
chondrocytes dedifferentiation, which could be 
used to reduce scar formation in healing of 
articular cartilage. 

I. INTRODUCTION 

The dramatic increase in the prevalence of cartilage 
disease, injuries and its poor ability to repair (Kerr, 
2010) due to very low (or no) blood  supply (Gowran 
et al., 2010, de Isla et al., 2010) has increased the 
need for new engineering cartilage techniques. 
Chondrocytes play a major role in maintaining 
cartilage homeostasis where they maintain the 
balance between cartilage degradation and 
biosynthesis as well as incorporation of matrix 
components (Steinmeyer et al., 1997). Thus, to 
improve cartilage healing, chondrocytes need to be 
targeted. Synthetic cannabinoids such as Win-55,212-
2 and HU-210 have been found to affect the 
metabolism of chondrocytes reducing cartilage 
breakdown (Mbvundula et al., 2006). Moreover, their 
anti-inflammatory and analgesic properties (de Lago 
et al., 2012) make them an attractive option for 
treating cartilage degradation diseases; such as 
osteoarthritis. 

II. METHODS 

Chondrocytes isolated from Sprague-Dawley rats (3-
6 days old) were cultured at humidified atmosphere 
(95% air and 5% CO2) at 37ºC till the 3rd passage. 
After that, 2 groups of chondrocytes were prepared. 
The first group was treated with 1μM WIN55, 212-2, 
and the second group was untreated (control), where 
each group consisted of two samples. Cells were left 
for 24 hours, and then the first and the second sample 
of each group were stained for collagen type I and 
collagen type II, respectively. Stained samples were 
viewed under the immunofluorescence microscope 
after incubating at 5 ºC for 1 week. 
Immunoperoxidase was also used as a quantitative 
staining technique to confirm the 
immunofluorescence staining results. Finally, SPSS 

was used for statistical analysis of the quantitative 
data obtained. 

III. RESULTS AND DISCUSSION 

By comparing (a) and (c) in Figure 1, it can be seen 
that the staining intensity of collagen type I in the 
control group is much higher, whereas the staining 
intensity of collagen type II is higher in (b) WIN-2 
than (d) control. Therefore, treating chondrocytes 
with 1μM WIN-2 increased collagen type II 
secretion, while reducing collagen type I secretion, 
which was confirmed with quantitative staining 
(P<0.05).  

(a) (b) 

(C) (d) 

Figure 2.  immunofluorescence images of (a) WIN-2 CO I, 
(b) WIN-2 CO II, (c) Control CO I, and (d) Control CO II, 
20 X magnifications. 

III. CONCLUSION 

Treating chondrocyte monolayers with 1μM of the 
synthetic cannabinoid WIN55, 212-2 encouraged 
chondrocytes dedifferentiation, which could be used 
to reduce scar formation in healing of articular 
cartilage. 
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